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Abstract 
The understanding of fluid flow from a reservoir to a wellbore is one of the major concerns 
in the oil and gas, as well as the coal seam drainage industry. Being able to reliably predict 
fluid flow behaviour, pressure drop and fluid production along the horizontal wellbore is 
crucial to enhancing its performance and reducing potential risks to the safety of underground 
coal mining operations. Much research to date focuses on developing wellbore flow models 
with defined wall inflow/outflow, while other research looks at developing reservoir simulators 
with specific boundary conditions at wellbore locations. Many petroleum engineering 
processes however, require a coupled modelling of reservoir and wellbore flow with fewer 
simplifying assumptions at the interface of these two domains. The integrated flow of fluids 
through reservoir and wellbore requires further study to examine the influence of reservoir flow 
on wellbore flow and vice versa. 
In this study, a three-dimensional model for the simulation of integrated reservoir-wellbore 
flow was developed to examine the effect of the different wellbore geometries, completions, 
and orientations on; flow characteristics, wall friction factor, the overall pressure drop and 
wellbore productivity index. Computational Fluid Dynamics (CFD) simulations were carried 
out using a finite volume based software, ANSYS FLUENT, using a high performance 
computing cluster. The developed model can be used for different reservoir and wellbore 
conditions including mining and petroleum engineering applications. 
In the first stage of the study, the effects of the wellbore diameter and length on flow field 
behaviour and pressure drop was examined within a large-scale model of coal seam drainage. 
It was seen that increasing the wellbore diameter leads to a decrease in pressure through the 
coal seam, and a higher productivity index of the wellbore. The wellbore length variation did 
not influence the pressure distribution remarkably, however it did enhance the productivity 
index due to a larger wellbore flow rate. The CFD model developed provides a robust tool for 
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examining high gradient flow conditions near wellbores and the effect of different wellbore 
completions. 
Secondly, for a perforated pipe, the effect of perforation parameters including density, 
diameter and phasing angle on wall frictional losses and overall pressure drop was investigated. 
The wall friction factor, shear stress and pressure drop all increase with a higher number of 
perforations along the wellbore. The variation in perforation diameter was found to influence 
flow resistance to some extent, while the perforation phasing angle did not influence frictional 
losses. 
Finally, using the integrated model developed, the production performance of horizontal 
wellbores was compared with that of vertical wellbores, to be used for drilling evaluations and 
wellbore development plans. The effects of wellbore length and reservoir shape on the 
horizontal to vertical productivity index ratio were also analysed. The integrated model 
findings demonstrate the remarkable influence of these parameters on the horizontal wellbore 
performance, which will assist petroleum engineers to address a wide range of challenges 
involved in future wellbore development plans. 
In order to verify the accuracy of the developed integrated model, a series of core flood 
experiments were carried out and compared with CFD results. The results of the coal seam 
drainage model, perforated pipe and the horizontal wellbore performance study were further 
validated against existing theoretical/experimental pressure drop and productivity index 
models. It was observed that wellbore geometry can significantly influence flow resistance, 
and therefore its productivity. The integrated model also shows promising findings that provide 
an alternative solution for future experimental studies of wellbore/reservoir flow, by using this 
adaptable computer model. 
iv 
 
Declaration by author  
This thesis is composed of my original work, and contains no material previously published or 
written by another person except where due reference has been made in the text. I have clearly 
stated the contribution by others to jointly-authored works that I have included in my thesis. 
 
I have clearly stated the contribution of others to my thesis as a whole, including statistical 
assistance, survey design, data analysis, significant technical procedures, professional editorial 
advice, financial support and any other original research work used or reported in my thesis. 
The content of my thesis is the result of work I have carried out since the commencement of 
my higher degree by research candidature and does not include a substantial part of work that 
has been submitted to qualify for the award of any other degree or diploma in any university 
or other tertiary institution. I have clearly stated which parts of my thesis, if any, have been 
submitted to qualify for another award. 
 
I acknowledge that an electronic copy of my thesis must be lodged with the University Library 
and, subject to the policy and procedures of The University of Queensland, the thesis be made 
available for research and study in accordance with the Copyright Act 1968 unless a period of 
embargo has been approved by the Dean of the Graduate School.  
 
I acknowledge that copyright of all material contained in my thesis resides with the copyright 
holder(s) of that material. Where appropriate I have obtained copyright permission from the 
copyright holder to reproduce material in this thesis and have sought permission from co-
authors for any jointly authored works included in the thesis. 
 
 
 
v 
 
Publications during candidature 
Peer-Reviewed Journal Papers: 
 Mohsen Azadi, Saiied M Aminossadati, Zhongwei Chen. Development of an integrated 
reservoir-wellbore model to examine the hydrodynamic behaviour of perforated pipes. 
Journal of Petroleum Science and Engineering 156 (2017) 269–281. 
https://doi.org/10.1016/j.petrol.2017.05.027 
 
 Mohsen Azadi, Saiied M Aminossadati, Zhongwei Chen. Large-scale study of the 
effect of wellbore geometry on integrated reservoir-wellbore flow. Journal of Natural 
Gas Science and Engineering 35 (2016) 320–330. 
https://doi.org/10.1016/j.jngse.2016.08.032 
 
Conference Paper: 
 
 Mohsen Azadi, Saiied M Aminossadati, Zhongwei Chen. Numerical Simulation of 
Integrated Reservoir-Borehole Flow for Pre-Mining Drainage. Proceedings of the 16th 
Coal Operators' Conference, Mining Engineering, University of Wollongong, 10-12 
February 2016, 249-262. 
  
vi 
 
Publications included in this thesis 
Mohsen Azadi, Saiied M Aminossadati, Zhongwei Chen. Large-scale study of the effect of 
wellbore geometry on integrated reservoir-wellbore flow. Journal of Natural Gas Science and 
Engineering 35 (2016) 320–330. 
https://doi.org/10.1016/j.jngse.2016.08.032 
 
60% incorporated in Chapter 4. 
Contributor Statement of contribution 
Mohsen Azadi (Candidate) Conception and design (60%) 
Analysis and interpretation (70%) 
Drafting and production (60%) 
Saiied M Aminossadati Conception and design (30%) 
Analysis and interpretation (20%) 
Drafting and production (20%) 
Zhongwei Chen Conception and design (10%) 
Analysis and interpretation (10%) 
Drafting and production (20%) 
 
 
 
 
 
 
 
vii 
 
Mohsen Azadi, Saiied M Aminossadati, Zhongwei Chen. Development of an integrated 
reservoir-wellbore model to examine the hydrodynamic behaviour of perforated pipes. Journal 
of Petroleum Science and Engineering 156 (2017) 269–281. 
https://doi.org/10.1016/j.petrol.2017.05.027 
 
60% incorporated in Chapter 5. 
Contributor Statement of contribution 
Mohsen Azadi (Candidate) Conception and design (75%) 
Analysis and interpretation (70%) 
Drafting and production (70%) 
Saiied M Aminossadati Conception and design (20%) 
Analysis and interpretation (20%) 
Drafting and production (20%) 
Zhongwei Chen Conception and design (5%) 
Analysis and interpretation (10%) 
Drafting and production (10%) 
 
Manuscripts included in this thesis 
No manuscripts submitted for publication.  
viii 
 
Contributions by others to the thesis 
No contributions by others. 
 
Statement of parts of the thesis submitted to qualify for the award of another 
degree  
None. 
 
Research Involving Human or Animal Subjects 
No animal or human subjects were involved in this research   
ix 
 
Acknowledgements 
I would like to express my special appreciation to Associate Professor Saiied Aminossadati 
for mentoring me not only as my principal supervisor, but also as a patient, supportive friend. 
I am also very thankful to my co-supervisors, Dr Zhongwei Chen and Dr Christopher Leonardi 
for their guidance and insightful comments during my Ph.D. 
I would like to acknowledge and appreciate the financial support from The University of 
Queensland and Mining Education Australia (MEA) for a University of Queensland 
International (UQI) scholarship.    
During the last year of my Ph.D., I was blessed to meet Madeleine and I would like to 
extend my warm gratitude to her for the love she has brought into my life. I am grateful to her 
for the sleepless nights helping me edit this thesis. 
Finally, I would like to express my heartfelt thanks to my parents, Zahra and 
Mohammadtaghi and my brother Mehdi for their unconditional love. Without their endless 
support and precious encouragement it would not be possible to complete this step in my life, 
and for this I will always be indebted to my family. 
  
x 
 
Financial support 
This research was supported by a University of Queensland International (UQI) scholarship. 
  
xi 
 
Keywords 
reservoir; wellbore, computational fluid dynamics, geometry, productivity index, pressure 
drop, friction factor. 
 
Australian and New Zealand Standard Research Classifications (ANZSRC) 
ANZSRC code: 090913, Mechanical Engineering, 50% 
ANZSRC code: 090999, Mining Engineering, 50% 
 
Fields of Research (FoR) Classification 
FoR code: 0913, Mechanical Engineering, 50% 
FoR code: 0999, Mining Engineering, 50% 
 
  
xii 
 
Thesis Structure 
 
xiii 
 
Table of Contents 
Abstract ...................................................................................................................................... ii 
Declaration by author ................................................................................................................ iv 
Publications during candidature ................................................................................................. v 
Publications included in this thesis ........................................................................................... vi 
Manuscripts included in this thesis .......................................................................................... vii 
Contributions by others to the thesis ...................................................................................... viii 
Statement of parts of the thesis submitted to qualify for the award of another degree .......... viii 
Research Involving Human or Animal Subjects .................................................................... viii 
Acknowledgements ................................................................................................................... ix 
Financial support ........................................................................................................................ x 
Keywords .................................................................................................................................. xi 
Australian and New Zealand Standard Research Classifications (ANZSRC) .......................... xi 
Fields of Research (FoR) Classification ................................................................................... xi 
Thesis Structure ....................................................................................................................... xii 
List of Figures ........................................................................................................................ xvii 
List of Tables ......................................................................................................................... xxii 
Nomenclature ....................................................................................................................... xxiii 
Chapter 1 Introduction ............................................................................................................... 1 
1.1 Background ................................................................................................................ 2 
1.2 Statement of Problem ................................................................................................. 2 
1.3 Aim and Objectives .................................................................................................... 3 
xiv 
 
1.4 Scope .......................................................................................................................... 4 
1.5 Methodology .............................................................................................................. 5 
1.6 Thesis Structure .......................................................................................................... 6 
Chapter 2 Current State of Research .......................................................................................... 8 
2.1 Introduction ................................................................................................................ 9 
2.2 Coal Seam Drainage ................................................................................................... 9 
2.2.1 Gas Desorption from Coal ................................................................................. 10 
2.2.2 Coal Permeability .............................................................................................. 12 
2.2.3 Coal Seam Drainage Methods ........................................................................... 13 
2.2.4 Reservoir and Wellbore Flow Models ............................................................... 15 
2.3 Perforated Casings .................................................................................................... 22 
2.4 Horizontal Wellbore Performance ........................................................................... 27 
2.5 Research Gap ............................................................................................................ 31 
Chapter 3 Computational Model Development ....................................................................... 34 
3.1 Introduction .............................................................................................................. 35 
3.2 Model Assumptions .................................................................................................. 35 
3.2.1 Coal Seam Drainage Model ............................................................................... 35 
3.2.2 Perforated Pipe Model ....................................................................................... 37 
3.2.3 Horizontal Wellbore Performance ..................................................................... 39 
3.3 Governing Equations ................................................................................................ 40 
3.3.1 Wellbore Flow Equations .................................................................................. 41 
xv 
 
3.3.2 Reservoir Flow Equations ................................................................................. 42 
3.4 Solution Procedure ................................................................................................... 43 
Chapter 4 Large-Scale Coal Seam Drainage ........................................................................... 44 
4.1 Introduction .............................................................................................................. 45 
4.2 Computational Model of Coal Seam Drainage ........................................................ 46 
4.3 Validation of the Model ........................................................................................... 49 
4.4 Effect of Wellbore Diameter .................................................................................... 53 
4.5 Effect of Wellbore Length ........................................................................................ 58 
4.6 Effect of Wellbore Geometry on Productivity Index ............................................... 60 
4.7 Conclusions .............................................................................................................. 61 
Chapter 5 Perforated Pipe Flow ............................................................................................... 63 
5.1 Introduction .............................................................................................................. 64 
5.2 Computational Model of Perforated Pipe ................................................................. 65 
5.3 Model Validation ...................................................................................................... 68 
5.4 Perforation Parameters ............................................................................................. 70 
5.4.1 Simulation Scenarios ......................................................................................... 70 
5.4.2 Perforation Density ............................................................................................ 71 
5.4.3 Perforation Diameter ......................................................................................... 75 
5.4.4 Perforation Phasing ............................................................................................ 80 
5.5 Flow Parameters ....................................................................................................... 84 
5.6 Conclusions .............................................................................................................. 87 
xvi 
 
Chapter 6 Horizontal Wellbore Performance .......................................................................... 89 
6.1 Introduction .............................................................................................................. 90 
6.2 Computational Model of Horizontal Wellbore Performance ................................... 91 
6.3 Model Validation ...................................................................................................... 95 
6.3.1 Introduction ....................................................................................................... 95 
6.3.2 Experimental Set-up .......................................................................................... 95 
6.3.3 Experimental Procedure .................................................................................... 96 
6.3.4 Validation Scenarios .......................................................................................... 98 
6.3.5 Validation Results ............................................................................................ 102 
6.4 Integrated Model versus Reservoir Model ............................................................. 102 
6.5 Large-Scale Horizontal and Vertical Wellbore Performance ................................ 104 
6.5.1 Wellbore Length .............................................................................................. 105 
6.5.2 Reservoir Height .............................................................................................. 108 
6.5.3 Reservoir Drainage Area ................................................................................. 111 
6.6 Conclusions ............................................................................................................ 112 
Chapter 7 Conclusions and Recommendations ...................................................................... 114 
7.1 Conclusions ............................................................................................................ 115 
7.2 Recommendations for future works ....................................................................... 118 
References .............................................................................................................................. 120 
 
  
xvii 
 
List of Figures 
Figure 2.1. Gas drainage mechanism from coal structure (Stephen et al. 2006) ..................... 11 
Figure 2.2. Example of a common adsorption isotherm test conducted at 30ºC (Moore, 2012)
.................................................................................................................................................. 12 
Figure 2.3. Surface to In-seam pre drainage wellbores (Wang et al. 2011) ............................ 14 
Figure 2.4. In-seam drilling patterns available for coal seam gas drainage (Black, 2011) ...... 15 
Figure 2.5. Schematic section of radial reservoir (Jenkins and Aronofsky, 1953) .................. 17 
Figure 2.6. Numerical model grid design (Packham et al. 2011) ............................................ 18 
Figure 2.7. Mass and momentum change along a wellbore with mass transfer through 
perforations (Ouyang et al. 1998) ............................................................................................ 24 
Figure 2.8. Horizontal to vertical productivity index ratio of fractured wellbores (Giger, 1985)
.................................................................................................................................................. 28 
Figure 2.9. Horizontal to vertical productivity index ratio of fractured wellbores (Joshi, 1988)
.................................................................................................................................................. 29 
Figure 2.10. Schematic of a multilateral well (Guo et al. 2006) .............................................. 30 
Figure 2.11. Schematic of the CFD model (Sivagnanam et al. 2017) ..................................... 31 
Figure 3.1. A schematic diagram of reservoir-wellbore model of coal seam drainage ........... 36 
Figure 4.1. Coal seam-wellbore geometries with different wellbore diameters and lengths ... 47 
Figure 4.2 Computational mesh of reservoir-wellbore model of coal seam drainage ............. 48 
Figure 4.3. Pressure drop vs. wellbore diameter for methane flow with different mesh 
resolutions ................................................................................................................................ 48 
Figure 4.4. Comparison of simulated model for methane flow with Atkinson equation (Le 
Roux, 1990).............................................................................................................................. 50 
Figure 4.5. Comparison of simulated model for water flow with (Aziz and Govier, 1972) 
correlation ................................................................................................................................ 50 
xviii 
 
Figure 4.6. Velocity streamlines through coal seam reservoir and wellbore ........................... 52 
Figure 4.7. Pressure contours along coal seam for different wellbore diameters for: a) methane 
flow, and b) water flow ............................................................................................................ 54 
Figure 4.8. Pressure distribution in y direction across coal seam at x*=0.5 for: a) methane flow, 
and b) water flow ..................................................................................................................... 55 
Figure 4.9. velocity along wellbore centreline for: a) methane flow, and b) water flow ........ 55 
Figure 4.10. Velocity profile along Y direction for methane (left) and water (right) flow at: a,c) 
x*=0; b,d) x*=0.5; e,f) x*=1 ...................................................................................................... 57 
Figure 4.11. Pressure contours along coal seam for different wellbore lengths ...................... 58 
Figure 4.12. Pressure distribution at distance of 25 m from wellbore outlet in: a) y direction , 
and b) z direction ...................................................................................................................... 59 
Figure 4.13. Velocity profile along y direction at the distance of 25 m from wellbore outlet for 
different wellbore lengths ........................................................................................................ 60 
Figure 4.14. Productivity index for different wellbore geometries. a) wellbore diameter; b) 
wellbore lengths ....................................................................................................................... 61 
Figure 5.1. Perforated pipe geometry surrounded with porous formation ............................... 66 
Figure 5.2. Computational meshes of a) surrounding formation, b) perforated pipe, and c) 
perforation ................................................................................................................................ 67 
Figure 5.3. Pressure drop coefficient for different mesh sizes ................................................ 68 
Figure 5.4. Current model pressure drop compared with previous models (Ouyang et al. 1998; 
Asheim et al. 1992) .................................................................................................................. 69 
Figure 5.5. Darcy friction factor for different perforation densities and diameters ................. 70 
Figure 5.6. Illustrative geometries of perforated pipes with different perforation densities ... 72 
Figure 5.7. Wall friction factor ratio variations with perforation density for different inflow rate 
ratios ......................................................................................................................................... 73 
xix 
 
Figure 5.8. Wall shear stress contours for pipes with different perforation densities ............. 74 
Figure 5.9. Pressure drop coefficient variations with perforation density for different inflow 
rate ratios .................................................................................................................................. 75 
Figure 5.10. Illustrative geometries of perforated pipes with different perforation diameters 76 
Figure 5.11. Wall friction factor ratio variations with perforation diameter ratio for different 
inflow rate ratios ...................................................................................................................... 77 
Figure 5.12. Wall shear stress contours for pipes with different perforation diameter ratios .. 78 
Figure 5.13. Pressure drop coefficient variations with perforation diameter ratio for different 
inflow rate ratios ...................................................................................................................... 79 
Figure 5.14. Illustrative geometries of perforated pipes with different perforation phasing 
angles ....................................................................................................................................... 80 
Figure 5.15. Wall friction factor ratio variations with perforation phasing angle for different 
inflow rate ratios ...................................................................................................................... 81 
Figure 5.16. Wall shear stress contours for pipes with different perforation phasing angles .. 82 
Figure 5.17 Pressure drop coefficient for different perforation phasing angles ...................... 83 
Figure 5.18. Volume averaged swirling strength and turbulence eddy dissipation for different 
perforation phasing angles ....................................................................................................... 84 
Figure 5.19. Wall friction factor ratio variations with pipe inlet velocity for different perforation 
parameters at %5.7
Q
qi  ......................................................................................................... 85 
Figure 5.20. Overall pressure drop variations with pipe inlet velocity for different perforation 
parameters at %5.7
Q
qi  ......................................................................................................... 86 
Figure 6.1. Schematic diagram of a) vertical wellbore, b) horizontal wellbore, and c) the 
vertical wellbore with effective radius rwe for a drainage volume ........................................... 92 
xx 
 
Figure 6.2. Computational meshes a) at reservoir-wellbore intersection, and b) for large-scale 
drainage volume ....................................................................................................................... 94 
Figure 6.3. Schematic of the triaxial core permeability rig ..................................................... 95 
Figure 6.4. Core sample ........................................................................................................... 97 
Figure 6.5. Pressure drop versus flow rate experimental data ................................................. 98 
Figure 6.6. Pressure contours along the core for different inlet/outlet pressures .................. 100 
Figure 6.7. Velocity vectors along the core for different inlet/outlet pressures .................... 101 
Figure 6.8. Core flood CFD simulation results compared with experimental data ............... 102 
Figure 6.9. Pressure contours comparison between integrated reservoir-wellbore model (left) 
and reservoir-only model (right) ............................................................................................ 103 
Figure 6.10. Velocity streamline comparison between integrated reservoir-wellbore model 
(left) and reservoir-only model (right) ................................................................................... 104 
Figure 6.11. Pressure contours for different wellbore lengths (L=50,100,150 m) and drainage 
radiuses (r=100,150,200 m) ................................................................................................... 105 
Figure 6.12. (a) Pressure and (b) velocity distribution along reservoir at y=5 m for different 
wellbore lengths (L=50,100,150 m) and drainage radiuses (r=100,150,200 m) .................... 106 
Figure 6.13. Productivity index ratio variations with wellbore length for different drainage 
radiuses (r=100,150,200 m) ................................................................................................... 107 
Figure 6.14. Pressure contours for different wellbore heights (h=10,30,50 m) and drainage 
radiuses (r=100,150,200 m) ................................................................................................... 108 
Figure 6.15. (a) Pressure and (b) velocity distribution along reservoir at y=5 m for different 
wellbore heights (h=10,30,50 m) and drainage radiuses (r=100,150,200 m) ........................ 109 
Figure 6.16. Productivity index ratio variations with wellbore height for different drainage 
radiuses (r=100,150,200 m) ................................................................................................... 111 
xxi 
 
Figure 6.17. Productivity index ratio variations with drainage radius for different wellbore 
lengths (L=50,100,150 m) and heights (h=10,30,50 m) ......................................................... 112 
 
  
xxii 
 
List of Tables 
Table 1.1. Thesis scope .............................................................................................................. 5 
Table 2.1. Coal Seam reservoir characteristics (Darling, 2011) .............................................. 13 
Table 2.2. Wellbore pressure drop models .............................................................................. 21 
Table 2.3. Geometrical conditions of perforated pipe experiments ......................................... 26 
Table 3.1. Dimensionless parameters ...................................................................................... 37 
Table 4.1. Comparison of wellbore-only model with integrated reservoir-wellbore model ... 51 
Table 5.1. Simulation scenarios for different perforation geometries ..................................... 71 
Table 6.1. Simulation scenarios for different wellbore and reservoir geometries ................... 93 
Table 6.2. Core flood simulation inputs................................................................................... 99 
 
  
xxiii 
 
Nomenclature 
A Wellbore cross-section area, m2 
C gas concentarion, kg/m3 
d perforation diameter, m 
D wellbore diameter, m 
f pipe wall friction factor 
g gravitational acceleration, m/s2 
h reservoir thickness, m 
JD dimensionless productivity index 
JH horizontal wellbore productivity index, m
3/s.Pa 
JV vertical wellbore productivity index, m
3/s.Pa 
k reservoir permeability, m2 
K pressure drop coefficient 
L wellbore length, m 
n perforation density, SPM (shots per meter) 
P pressure, Pa 
q volumetric production rate, m3/s 
Q pipe inlet flow rate, m3/s 
rd drainage radius, m 
reh horizontal drainage radius, m 
rev vertical drainage radius, m 
rw vertical wellbore radius, m 
rwe effective radius, m 
Re Reynolds number 
sf fracture spacing, m 
Si momentum sink term, kg/m
2s2 
Sm mass source term, kg/m
3s 
t pipe wall thickness, m 
u velocity, m/s 
U pipe volume averaged velocity, m/s 
vi pipe inlet velocity, m/s 
xxiv 
 
v,V velocity, m/s 
Vm Coal matrix volume, m
3 
xi Cartesian coordinates, m 
x,y,z cartesian coordinates, m 
 
Greek letters 
δ roughness height, m 
ε turbulence eddy dissipation, m2/s3 
λ swirling strength, 1/s 
μ dynamic viscosity, Pa s 
ρ density, kg/m3 
τ shear stress, Pa 
Φ phasing angle, degree 
 
Subscript 
0 non-perforated pipe or reference values 
a additional term 
g gas phase 
i wall inflow 
l liquid phase 
m coal matrix 
w perforated pipe wall  
1 
 
 
 
 
 
Chapter 1 
Introduction 
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1.1 Background 
Within the extraction industry of oil and gas, as well as unconventional resources such as 
shale or coal seam gas, a thorough understanding of governing physics and predictive 
techniques are required to overcome many operational obstacles. The successful drilling and 
development of vertical to horizontal wellbores are essential for the extraction of fuel from 
underground reservoirs. Both conventional and unconventional reservoirs can be reached by 
wellbores with differing diameters and lengths in order to achieve fluid drainage or production 
objectives.  
Petroleum engineering methods and knowledge are used in this field, and applied according 
to a specific reservoir and wellbore flow condition. Underground coal seam reservoirs for 
example, contain a considerable amount of mainly methane gas. This gas must be drained prior 
to mining to ensure the safety of all mining operations. In spite of the significant progress to 
date in underground mining technologies and improvements to ensure mine safety, fatal 
accidents and explosions in underground coal mines still occur. This is due to the increasing 
number of challenges involved with extracting coal, as deeper, more gaseous and geometrically 
complicated mines are being discovered. Thus, efficient drainage/production of fluids from any 
formation requires a thorough understanding of reservoir and wellbore conditions and the ways 
in which they interact. 
 
1.2 Statement of Problem 
Since the early years of oil and gas extraction, many attempts have been made to predict 
wellbore pressure drop and fluid production, and improve our understanding of the underlying 
physics in this field. One popular method used today for the fluid recovery from reservoirs is 
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to develop a horizontal wellbore. Horizontal wellbores can increase fluid production 
considerably due to a higher contact area with the reservoir, compared to vertical wellbores. 
Despite higher drilling costs, the development of horizontal wellbores has become more of a 
common practice in recent decades. There are several major problems however, that affect 
development plans such as accurately predicting wellbore performance and pressure drop 
behaviour, as well as the choice of using a vertical or horizontal wellbore.  
The flow mechanism in horizontal wellbores is considerably different to conventional pipe 
flow. The friction factor and pressure drop along horizontal wellbores vary due to the 
inflow/outflow of fluids from the wall, and the influence of wall conditions such as wellbore 
completion geometry. The two major factors that influence the extraction of fluids from 
underground reservoirs are: i) turbulent wellbore flow; and ii) fluid flow through porous 
reservoirs. Many existing models have focused only on one of these flow conditions, resulting 
in predictions with low accuracy and/or limited range of applicability.  
 
1.3 Aim and Objectives 
The aim of this research is to investigate the impact of wellbore geometry on the 
simultaneous flow of fluids through wellbore and reservoir. To achieve this aim, the following 
objectives have been established: 
 Develop an integrated reservoir-wellbore model that is able to simulate flow 
interactions between a wellbore and reservoir; 
 Compare integrated model predictions with existing wellbore and reservoir flow 
models, as well as with new experimental data; 
4 
 
 Develop a pressure drop prediction tool for different wellbore geometries and 
completions; 
 Study the effect of wellbore wall conditions on shear stress and frictional losses; 
 Assess the wellbore productivity index as the key performance parameter for different 
wellbore geometries, completions, and reservoir conditions, and; 
 Evaluate the horizontal wellbore performance compared to vertical wellbores for 
different wellbore and reservoirs geometries. 
 
1.4 Scope 
This thesis focuses on examining the impact of wellbore geometry on fluid production 
through the development of an integrated model, using more realistic assumptions when 
compared with previous studies. The scope of this research looks at two types of flow: wellbore 
flow and reservoir flow effects, as summarised in Table 1.1. This study focuses on the single-
phase stage of reservoir production/drainage and therefore two-phase flow is not included in 
the scope. 
In the first of three stages in this research, a large-scale integrated model for reservoir-
wellbore flow was developed to simulate single-phase methane or water flow during coal seam 
drainage. The effects of wellbore length and diameter on pressure drop, productivity index, 
velocity, and pressure distribution through the wellbore and reservoir were investigated. In the 
second stage, the integrated model was used to simulate near-wellbore flow effects along a 
perforated pipe that was surrounded by a porous formation. The impacts of perforation density, 
diameter, and phasing angle on wall friction factor, shear stress, and pressure drop along the 
pipe was also studied. 
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Table 1.1. Thesis scope 
* Anisotropic permeability was considered in this thesis. 
: Included in scope; × Not included in scope 
 
In the final stage of this research, a series of core flood experiments were carried out to 
help validate the model, which was then used to investigate the performance of horizontal 
wellbores compared to vertical wellbores. The effects of wellbore length, reservoir height, and 
drainage radius on the pressure drop, horizontal to vertical productivity index ratio, velocity 
and pressure distribution through the domain were examined. 
 
1.5 Methodology 
Computational fluid dynamics (CFD) simulations were carried out using the finite volume 
based software, ANSYS. In order to develop the integrated model, governing equations were 
modified based on wellbore and reservoir conditions. These modifications were implemented 
Study Geometry 
Wellbore   Reservoir 
Pressure 
velocity 
Distribution 
Pressure 
Drop 
Productivity 
Index 
Friction 
Factor 
Shear 
Stress  
 
Darcy 
Flow* 
Pressure 
Velocity 
Distribution 
Fluid 
Flow by 
Coal Seam 
Drainage 
Wellbore 
Length 
 
   × × 
   Source term 
Wellbore 
Diameter 
 
 
 
   × × 
   Source 
term 
Perforated 
Pipe 
Perforation 
Density 
 
×  ×   
  × 
Inlet 
velocity 
Perforation 
Diameter 
 
×  ×   
  × 
Inlet 
velocity 
Phasing 
Angle 
 
 
 
×  ×   
  × 
Inlet 
velocity 
Horizontal 
wellbore 
performance 
Wellbore 
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   × × 
   Pressure 
Inlet 
Reservoir 
Height 
 
   × × 
   Pressure Inlet 
Drainage 
Radius 
   × × 
   Pressure 
Inlet 
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using user defined functions (UDF). Depending on the physical model assumptions, the UDFs 
were first defined and compiled in the C programming language, and then linked to the solver. 
In the process of developing this model, the following steps were taken: 
 Determine reservoir properties, wellbore outlet and reservoir outer boundary 
conditions; 
 Generate the geometry using DesginModeler; 
 Generate mesh using ANSYS Meshing; 
 Implement UDFs in ANSYS Fluent; 
 Set up parallel processing method to reduce computational time; 
 Write journal files and run simulations on cluster; 
 Run simulations using ANSYS Fluent; 
 Validate model, and; 
 Undergo post processing and result analysis. 
 
1.6 Thesis Structure 
This thesis will be presented in seven chapters. In the First Chapter, the research summary 
along with aims and objectives have been defined. In the Second Chapter, relevant studies in 
the literature will be reviewed and key research gaps identified where further study is required. 
In the Third Chapter, the computational model development procedure will be presented. 
Chapter Four includes the simulation results of a large-scale coal seam drainage model, which 
has been published as a journal paper. Chapter Five, also published as a journal paper, presents 
the study of frictional losses and pressure drop along perforated pipes for different perforation 
patterns. In Chapter Six, the integrated model will be validated with experiments conducted in 
this research, and horizontal wellbore performance will be compared to that of vertical 
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wellbores. In addition, the effect of horizontal wellbore length and reservoir shape on wellbore 
performance will be investigated. Finally, a summary of the research highlights and 
conclusions, along with recommendations for future works will be presented in Chapter Seven. 
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Chapter 2 
Current State of Research 
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2.1 Introduction 
Many reservoir and wellbore flow models and simulators have been developed and 
presented in current literature. Most of the reservoir simulators have been developed for 
conventional oil and gas applications, however some feature additional modules for 
unconventional resources such as coal seam flow. In this chapter, a review of the current 
developments in reservoir and wellbore models will be presented to provide an overview of the 
existing studies on coal seam drainage, perforated pipes and horizontal wellbore performance. 
 
2.2 Coal Seam Drainage 
For millennia, coal has been used to fuel the world’s energy demand, and is still used as a 
major energy resource today. Coal seams are generated by compressing plant and animal matter 
over millions of years. During this process, coal seam gas, which is mainly composed of 
methane, is trapped inside the coal seam by water and ground pressure. Coal seam gas lies 
inside the coal matrix, sealed with water existing in coal natural fractures called “cleats”. As 
the reservoir pressure at the wellbore decreases, the water begins to move out of the cleats 
allowing gas to be desorbed from the coal matrix. 
In the early years of underground coal mining, coal seam reservoirs were thought only to 
contain solid fuel, while any gas held inside the coal remained undetected. During many of the 
first underground coal seam mining operations, the gas adsorbed by the coal structure created 
many explosions and accidents for working miners. As a result, coal gas was considered to be 
hazardous despite its potential as a clean energy, and only in recent decades was it classified 
as an unconventional gas resource, alongside shale gas.  
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For many years, different types of coal have provided a continuous source of energy to 
various industries. To supply these energy demands, coal mining explorations have had to delve 
deeper and deeper underground, discovering different types of coal along the way. The first 
step in reservoir engineering of any mining operation is to determine the key parameters of a 
targeted coal mine. Based on their characteristics, coals of different quality are classified, and 
coal rank, structure, permeability, gas content and composition are determined.  
Draining gas from a coal seam prior to mining is essential in order to reduce environmental 
impact, maintain safety standards, and allow for the efficient exploitation of the coal with the 
added benefit of clean gas production. In this section, the fundamental characteristics of coal 
and gas drainage methods will be explained, followed by a comprehensive review on the 
existing literature to date. In this review, the key gaps and unsolved questions will be identified, 
in order to highlight the significance and innovativeness of this study. In order to develop a 
robust model to predict the flow from any wellbore geometry or completion, greater attention 
is needed specifically examining the geological and reservoir engineering aspects of the 
problem. 
 
2.2.1 Gas Desorption from Coal 
Two separate processes determine gas drainage from coal seam reservoirs to wellbores: 
firstly, gas diffusion from the coal matrix and micro pores to the cleat system, and secondly, 
the flow of gas through the cleat system to wellbores as free gas. As presented in Figure 2.1, 
Fick’s Law describes the diffusion process, while Darcy’s Law describes the flow of gas 
through coal cleats. 
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Figure 2.1. Gas drainage mechanism from coal structure (Stephen et al. 2006) 
 
The gas production rate, due to diffusion of gas from a coal matrix into the cleat system is 
explained by the modified Fick’s Law (Zuber, 1996): 
 )(
8
2
pCC
s
DV
q m
f
m 

 (2.1) 
where mV  is the matrix volume, mC  is the matrix gas concentration and )( pC  is the equilibrium 
concentration at matrix cleat boundary. The diffusion coefficient, D  and fracture spacing,
fs  
are generally considered as one term, described as desorption time: 
D
s f


8
2
  (2.2) 
This term is obtained using coal gas content measurements and is defined as time required 
for 63.2% of total gas to diffuse at a constant pressure from a coal sample.  
The coal gas concentration can be obtained using adsorption isotherm measurements. An 
adsorption isotherm test determines the maximum capacity of a coal sample to hold gas at a 
constant pressure when temperature is kept constant. It has been proven that these 
measurements vary remarkably with the operating temperature. The tests are therefore carried 
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out at a constant reservoir temperature to obtain the most accurate results. As presented in 
Figure 2.2, for a general adsorption isotherm graph, the x-axis shows pressure in (kPa) and the 
y-axis shows adsorbed gas in cubic meter of gas per ton of coal (m3/t). Many models have been 
developed to calculate adsorption isotherm (Busch and Gensterblum, 2011; Krooss et al. 2002; 
Yee et al. 1993; Levine, 1993; Kim, 1977), and among these, the Langmuir model is widely 
accepted for modelling gas drainage, defined as (Zuber, 1996): 
1

p
pV
V L


 (2.3) 
where V is gas content at pressure p in equilibrium,   is the Langmuir constant, and LV is the 
Langmuir volume. 
 
Figure 2.2. Example of a common adsorption isotherm test conducted at 30ºC (Moore, 
2012) 
 
2.2.2 Coal Permeability 
One of the most critical parameters affecting the drainage of coal seam is reservoir 
permeability (k), which is the capacity of a porous media to let fluids pass through, and is 
measured in Darcy (d) unit. This parameter is 1 Darcy when a fluid with viscosity of 1 cP flows 
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with a velocity of 1 m/s under the pressure gradient of 1 atm/cm. The SI unit for permeability 
is m2 and is equal to 1012 Darcy, which is normally presented in milli-Darcy (md).  
Depending on coal seam depth, the reservoir can be classified into three groups of shallow, 
medium-depth and deep. As shown in Table 2.1, coal permeability varies from near 0.1 md for 
deep reservoirs to 100 md for shallow reservoirs. A review on coal seam methane drainage in 
Australia reveals that the maximum and average depths of underground mining are 550 m and 
280 m, respectively (Lunarzewski, 2001). 
Table 2.1. Coal Seam reservoir characteristics (Darling, 2011) 
Reservoir Type Approximate Depth, m Permeability, md 
Shallow ≤500 10-100 
Medium-depth 500–1000 0.1–100 
Deep ≥1000 <0.1 
 
2.2.3 Coal Seam Drainage Methods 
During coal formation, a considerable amount of by-product gas is generated, called 
coalbed gas or coal seam gas. The amount of coal seam gas changes with coal rank and depth, 
and the gas content is the highest for anthracite at about 765 m3/t (Hargraves, 1973). As a 
general estimation, the gas content for different types of coal varies between 0.1 to 25 cubic 
meters of gas per ton of coal. Coal seam gas is mainly composed of methane which is estimated 
to be 80-95% of the overall gas content. For this reason, coal seam gas is also known as coalbed 
methane or coal seam methane. 
One of the major concerns related to extraction operations of underground coal seams is 
gas ventilation control and management. Two key methods are used to satisfy the required 
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safety standards in terms of reservoir gas content: i) the pre-drainage method, which includes 
drilling Surface to In-Seam wellbores (SIS) or Underground In-Seam wellbores (UIS); ii) the 
post-drainage method, where gas is drained from mined areas to the surface so that mine 
ventilation is not affected by any possible gas leakage. 
Depending on the geological properties of reservoir and coal gas content, the prediction of 
pre-drainage time is vital for operation planning, and so several theoretical methods and 
simulators have been developed accordingly. Most, however, are not accurate enough or have 
been mainly for the purpose of oil and gas or shale gas reservoirs. As a result, many coal seam 
drainage operations rely heavily on operational experience rather than predictive knowledge, 
resulting in inconsistent and uncertain outcomes. 
 
 
Figure 2.3. Surface to In-seam pre drainage wellbores (Wang et al. 2011) 
 
Surface to In-Seam (SIS) directional drilling techniques have proven to be effective in pre‐
draining coal seams with a permeability range of approximately 0.5-10 md or less (Wang et al. 
2011). A schematic diagram of SIS drainage wellbores is presented in Figure 2.3. 
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Underground pre-drainage is another method for reducing the gas content prior to mining, 
for either development purposes or longwall operations. In this method, wellbores are drilled 
through coal seam before mining the coal, to drain the gas and reduce the pressure inside the  
reservoir. This method is more common for coal seams with high gas content and low 
permeability, where surface to in-seam drainage would be inefficient. Many different wellbore 
layouts (Figure 2.4) have been used, the choice being dependent on wellbore spacing and 
drainage time required. 
In the subsequent section, further details will be presented identifying potential research 
opportunities for the improved understanding of coal seam drainage during mining pre-
drainage.  
 
Figure 2.4. In-seam drilling patterns available for coal seam gas drainage (Black, 2011) 
 
2.2.4 Reservoir and Wellbore Flow Models 
Coal seams naturally contain large amounts of gases such as methane (CH4) and carbon-
dioxide (CO2) that need to be drained prior to mining. There are many technical challenges 
16 
 
associated with gas drainage from deep coal seams with a high gas content and low 
permeability. In order to overcome these challenges, horizontal or vertical wellbores are drilled 
with different diameters and lengths. A reliable prediction of Coal Seam Gas (CSG) flow 
depends on the appropriate consideration of coal structure and reservoir properties, as well as 
production wellbore geometry. Previous investigations of CSG drainage have chiefly focused 
on reservoir simulations or wellbore flow characteristics, both which will be discussed below.  
Many studies have been carried out to simulate fluid flow from different types of reservoirs 
into wellbores (Jenkins and Aronofsky, 1953; Aronofsky and Jenkins, 1954; Al-Hussainy et al. 
1966; Thomas and Thurnau, 1983; Fung et al. 1992; Settari and Mourits, 1998; Longuemare, 
2002; Yao et al. 2013). Early theoretical models and numerical simulations were developed 
primarily for oil and gas applications.  One of the earliest numerical methods, developed by 
Jenkins and Aronofsky (1953), describes the transient flow of gases in a radial direction 
through a porous medium (Figure 2.5), for which the initial and terminal pressure and/or flow 
rates are specified. Using the developed model, a simple means for predicting the well pressure 
history, at any time in a reservoir was put forth. In a follow-up study (Aronofsky and Jenkins, 
1954), an effective drainage radius was suggested, for which the steady-state gas flow 
assumption could be used to predict the well pressure in the process of gas reservoir depletion. 
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Figure 2.5. Schematic section of radial reservoir (Jenkins and Aronofsky, 1953) 
 
In a rigorous model, Al-Hussainy et al. (1966) considered the effect of variations of 
pressure dependent viscosity and gas law deviation factor on the flow of real gases through 
porous media. They used pseudo-pressure as the change of variable to reduce the equations to 
a form similar to diffusivity equations. Remner et al. (1986) conducted a parametric study to 
investigate the effect of reservoir properties on gas drainage efficiency. Ertekin et al. (1988) 
used a multidimensional two-phase model to analyse the production performance of horizontal 
drainage wellbores. Their numerical results showed that the horizontal drainage wellbores have 
the highest production rate if the wellbore is oriented orthogonal to the face cleat. Young (1997) 
illustrated that reservoir simulation is a powerful tool, which can be used to evaluate the 
efficiency of wellbore completions for coal seam gas drainage. Wei et al. (2007) reviewed the 
numerical coal seam gas flow simulators and studied their features and assumptions. They 
highlighted that a more rigorous gas simulation model is required due to the extreme 
complication of physical phenomena that occur during gas drainage. Yi et al. (2009) simulated 
the gas flow through a reservoir, using a two-dimensional solid-gas coupled software package 
(RPFA), studying the effects of permeability, wellbore spacing, diameter and gas content on 
reservoir pressure and drainage radius. Packham et al. (2011) used the reservoir simulator, 
SimedWin to model CSG flow to demonstrate the ability of enhanced gas recovery. Based on 
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their reservoir model (Figure 2.6), calibrated by history matching, it was concluded that 
enhanced gas recovery through the injection of nitrogen is achievable by an increased gas flow 
rate and decreased drainage time.  
 
Figure 2.6. Numerical model grid design (Packham et al. 2011) 
 
Much research has focused only on reservoir aspects of simulation, and the assumptions 
which include defined boundary conditions at the wellbore, and one- or two-dimensional 
modelling, require further improvements. The errors associated with these simplifying 
assumptions limit the range of application of these reservoir simulators. The wellbore flow is 
defined as a boundary condition, and is not included in the mathematical modelling and 
governing equations of the reservoir simulators. In standard large-scale simulators, the 
wellbore diameter is often two orders of magnitude smaller than the grid size across the 
reservoir, and therefore the interactions between the reservoir and wellbore interface including 
sharp flow gradients and wellbore geometrical factors are neglected. 
A number of studies have been carried out to understand the effect of wellbore wall 
inflow/outflow on flow field behaviour and pressure drop along wellbores (Yuan et al. 1996; 
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Su and Gudmundsson, 1998; Yuan, 1998; Asheim et al. 1992). In one such study, Siwoń (1987) 
developed a one-dimensional model for steady-state flow of incompressible fluid in a 
horizontal pipe, perforated with circular orifices. Ouyang et al. (1998) continued this study by 
developing a pressure drop model for pipes with a perforated wall, that can easily be used in 
reservoir simulators and analytical models. This model considers different types of pressure 
drops including frictional, accelerational, gravitational, and the pressure drop caused by inflow. 
It was concluded that for laminar flow, the wall friction increases due to inflow, whereas for 
turbulent flow, the wall friction decreases as a result of inflow. Based on this approach, further 
attempts have been made to develop more accurate pressure drop models for wellbore flow. 
Yalniz and Ozkan (2001) investigated the effect of inflow from a horizontal wall on the flow 
characteristics and pressure drop, both experimentally and theoretically. They developed a 
generalised friction factor correlation that was a function of Reynolds number, the ratios of 
influx to wellbore flow rate and perforations to wellbore diameter. Wang et al. (2011) measured 
pressure drop due to inflow in a horizontal perforated pipe loop by using water as the working 
fluid. Their experimental results showed that pressure drop grew as a result of increased 
injection flow rate. They developed a model showing a total pressure drop that consists of two 
parts: perforated pipe wall friction loss and an additional pressure drop term. Based on existing 
and new studies, Zhang et al. (2014) presented a comprehensive model for the prediction of 
pressure drop which yields comparatively more accurate results. The significant pressure drop 
models developed to date, along with their assumptions are summarised in Table 2.2. 
In addition to theoretical models, some researchers have simulated wellbore flow using 
numerical techniques to avoid simplifying assumptions (Ouyang and Huang, 2005; Yuan et al. 
1998; Su and Lee, 1995; Siu et al. 1995; Seines et al. 1993; Folefac et al. 1991). Guo et al. 
(2006) developed a numerical model to study the deliverability of multilateral wells. Their 
model was capable of coupling the inflow performance of the individual laterals with 
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hydraulics in curved and vertical well sections. Zeboudj and Bahi (2010) simulated wellbore 
flow with injections from the pipe wall using a CFD simulation as a replacement for further 
experiments. They discussed a shortcoming of the experimental measurement: the assumption 
of a constant momentum-correction factor, which is not true in the case of wall inflow. CFD 
simulation, however, allowed the exact calculation of this parameter by considering all 
variations of velocity in the radial direction thereby eliminating the need for making flawed 
assumptions. In another study, Ouyang et al. (2009) studied single-point wall entry for oil and 
gas wellbores. The significant effect of wellbore hydraulics on production predictions, 
performance evaluations, and completion design for horizontal and multilateral wellbores must 
be well understood. In this respect, they used CFD modelling using ANSYS to investigate flow 
profiles and pressure distribution along a wellbore thoroughly. Their simulation results showed 
that moving the entry point closer to the outlet section significantly reduced the impact of 
inflow on the total pressure drop along the wellbore. 
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Table 2.2. Wellbore pressure drop models 
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2.3 Perforated Casings 
Perforated pipes have been widely used in many fields including the oil and gas, water 
treatment and chemical engineering designs industries. Perforated tubes and casings are 
commonly used in the oil and gas industry to provide wellbore stability and avoid production 
wells collapsing after drilling. The pressure drop along perforated tubes is completely different 
from conventional pipe flow, due to the different tube wall geometry and wall inflow 
configuration. The fluid inflow has a determining impact on well production performance and 
therefore its impact is fundamentally important in wellbore design and developments. The fluid 
flow through the pipe wall influences the velocity profile across the pipe, as well as the pressure 
gradient along the pipe, which is different from the conventional solid-wall pipe flow. In 
addition to inflow effects, perforated pipe wall geometry is also different from a solid-wall 
pipe, and consequently results in different local wall shear stresses and friction factors. 
Studies of pipe flow with wall inflow or outflow began with porous-wall pipe flow. One of 
the earliest studies of fluid injection and suction at the pipe wall was carried out by Yuan 
(1955). The Navier-Stokes equations in a cylindrical coordinate were solved for a two-
dimensional steady-state laminar flow of fluid in a porous-wall pipe. The theoretical results 
showed that the injection at the pipe wall leads to an increase of wall friction factor. Olson and 
Eckert (1966) experimentally investigated fully turbulent air flow with uniform injection 
through a porous tube wall. Less change in flow parameters were observed under the effect of 
wall injection, moving along the tube length from entrance downstream. They also found that 
the wall shear stress and the friction factor reduces with the wall inflow for turbulent flow. 
These studies on pipe flow with a porous wall were followed by experimental investigations 
on pressure drop and friction factor behaviour along perforated pipes with fluid flow through 
the perforations (Yuan et al. 1996; Su and Gudmundsson, 1998; Yuan, 1998; Asheim et al. 
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1992). Flow injection through perforations increases flow resistance by disturbing the 
boundary layer, and the consumption of pressure energy to accelerate the injected fluid. For a 
considerable amount of fluid inflow, the acceleration effects play a more dominant role in 
overall pressure drop. Siwon (1987) conducted laboratory tests on a hydraulic model with 
lateral inflow along the main stream. Pipes with different perforation diameters and densities 
were used to measure Darcy-Weisbach friction factor. He argued that perforated pipes have a 
greater equivalent sand roughness height of the wall compared to ordinary pipes. It was 
revealed that in some cases the friction factor for perforated tubes was 80% greater than 
ordinary tubes. They mentioned that the identical results were found for pipes with different 
perforation diameters and pipe friction factor was a function of Reynolds number, wall 
permeability (perforation density), and roughness of the wall. Asheim e al. (1992) developed a 
flow resistance model for horizontal well flow and considered the effect of both wall friction 
and fluid inflow on the effective friction factor. They experimentally developed the wellbore 
flow model and examined the accuracy of the model for different inflow to pipe flow velocity 
ratios. It was shown that the flow resistance could affect the wall inflow rate, from reservoirs 
to wellbores, especially for long horizontal wellbores. 
It has been proven that the friction factor in perforated pipes without wall inflow are 
different from solid-wall pipes. Su and Gudmundsson (1993) measured the friction factor for 
vertical perforated pipes with small diameters, geometrically similar to horizontal wells. Their 
experimental results demonstrated that the perforations act as roughness elements and increase 
the friction factor of the pipe. Additionally, roughness function increased linearly with the 
perforation to pipe diameter ratio. In another study, they conducted similar experiments using 
a horizontal perforated pipe with wall inflow (Su and Gudmundsson, 1994). Here they found 
that the overall pressure drop consisted of wall friction, mixing effects, perforation roughness, 
and accelerational pressure drop. Ouyang et al. (1998) presented one of the most widely 
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accepted pressure drop and friction factor models, based on the momentum balance equation 
for a section of wellbore with wall inflow or outflow (Figure 2.7). Four different types of 
pressure drop were defined, namely; frictional, accelerational, gravitational, and inflow-
induced.  They concluded that for turbulent flow, wall friction factor decreased with inflow 
from wall, due to the expansion of the turbulent boundary layer, commonly known as the 
“lubrication effect”. 
 
Figure 2.7. Mass and momentum change along a wellbore with 
mass transfer through perforations (Ouyang et al. 1998) 
 
Further work has been conducted to obtain more accurate pressure drop models for 
wellbore flow. Yalniz and Ozkan (2001) developed a generalised friction factor correlation as 
a function of Reynolds number, the ratios of influx to wellbore flow rate and perforations to 
wellbore diameter. Based on their experiments, it was suggested that the wall friction-factor 
correlations were very sensitive to the conditions under which they were derived. It was also 
concluded that for the case of no influx, perforated sections had a smaller wall friction factor. 
Wang et al. (2011) measured the pressure drop due to inflow in a horizontal perforated pipe 
loop. Their experimental results showed that the pressure drop grew as a result of increased 
wall inflow rate. Their model suggested that total pressure drop consisted of two parts including 
the perforated pipe wall friction loss and additional losses. More recently, Zhang et al. (2014) 
presented a model for the prediction of pressure drop based on previous studies (mainly 
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Ouyang et al. 1998 model) and new experiments. Their model predictions demonstrated higher 
accuracy compared to the previous models.  
A review on experimental pressure drop models for perforated tubes shows some 
contradictory results limiting their range of applicability. For instance, Yuan et al. (1996) 
experimentally investigated the effect of perforation density on friction factor in small pipes. 
The model suggested that the friction factor for perforated pipes with inflow could be either 
smaller or greater than ordinary pipes, depending on the inflow to main flow rate ratios. 
However, Ouyang et al. (1998) demonstrated that the friction factor depends on flow regime, 
and  for turbulent flow, the inflow decreases the friction factor. Experimental results (Siwon 
1987; Su and Gudmundsson 1993) have shown that the friction factor for a no-inflow case is 
greater than that for ordinary pipes, while the study by Yalniz and Ozkan (2001) showed a 
different behaviour. A review on geometrical parameters of perforated pipe experiments is 
summarised in Table 2.3., in order to understand the underlying causes of such differences. 
Different perforation patterns, wall inflow configuration to feed the perforations, and the use 
of small diameter tubes are just a few that help explain the inconclusive behaviour and 
subjectiveness of the experiments. 
Other methods of investigating the performance of perforated tubes involve theoretical and 
numerical simulation. Some studies have used CFD modelling to overcome the above-
mentioned difficulties for a wider range of applications (Byrne et al. 2009; Sun et al. 2011; 
Byrne et al. 2014; Molina and Tyagi, 2015). Su (1996) used the commercial CFD code, 
FLUENT to simulate the smoothing effect of the wall inflow. The axial velocity gradient 
through a rectangular perforation with constant wall inflow velocity was computed to confirm 
their experimental observations in a similar condition. Yuan (1998) simulated two-dimensional 
flow in a horizontal well using the same technique to determine the developing region after the 
main flow was influenced by the wall inflow. The results showed that the developing length 
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grows by increasing the inflow to main flow rate ratio. In another study, Ouyang et al. (2009) 
investigated a single-point wall entry flow for oil and gas wells. They used ANSYS Fluent to 
study velocity profiles, streamlines and pressure distribution along the wellbore. 
 
Table 2.3. Geometrical conditions of perforated pipe experiments 
Reference D (cm) d (mm) 
L 
(m) 
Working 
fluid 
n (SPM) Φ (deg) 
Wall injection 
configuration 
Siwon (1987) 5.66 4.5,6,9 4.6 water 
l
p
A
A
0.0072-0.1259* Triangle pattern Outer mantle pipe 
Asheim et al. 
(1992) 
4.26 10 
1.37
5 
water 1 Upper wall Single entry 
Su and 
Gudmundsson 
(1993) 
1.2,1.4, 
1.6,1.9 
1-5 2 water 39 (12 SPF)** 60 No injection /Sealed 
Schulkes and 
Utvik (1998)  
15 9 15 Water 4 Two diagonal lines Radial inflow 
Su and 
Gudmundsson 
(1998) 
2.22 3 2 water 39 (12 SPF)** 60 Outer jacket 
Yuan et al. 
(1998) 
2.54 3.175 1.22 water 3,7,13 (1,2,4 SPF)** 90,180,360 
Covered with cloth 
inside annulus 
Yalniz and 
Ozkan (2001) 
2.54 4,8 2.8 water 1 360 Perforation flow line 
Wei et al. 
(2013) 
12.4 10,20,30 6 White oil 8,16,24 45,90,180 Outer casing 
Wang et al. 
(2015) 
13.97 10 2.4 Oil 17 360 Outer casing 
* Wall permeability as the ratio of the surface area of all perforations to the internal surface 
area of the pipe wall was used for perforation density 
** These values refer to geometrically similar perforated pipes in practical applications 
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2.4 Horizontal Wellbore Performance 
In the last few decades, the use of horizontal wellbores has been a common method to 
increase wellbore productivity because of the higher contact area with reservoirs. The potential 
of a wellbore to produce fluids is measured by productivity index, which is usually represented 
by the symbol J. This parameter is one of the major factors that is taken into account during 
wellbore design and evaluations in order to achieve the required efficiency. Productivity index 
is calculated as the ratio of production flow rate to pressure drawdown: 
𝐽𝐷 =
𝑞
?̅? − 𝑃𝑤
 (2.4) 
where q is the volumetric flow rate, ?̅? is the average pressure in the drainage volume, and 𝑃𝑤 
is the bottom-hole pressure. 
The study of horizontal wellbore performance began with the development of analytical 
models to predict the wellbore productivity index and pressure drop distribution throughout the 
reservoir and wellbore. Giger et al. (Giger et al. 1984; Giger, 1985) suggested one of the earliest 
analytical equations for the comparison of horizontal and vertical wellbore productivity. Their 
formula was validated when compared to field data from four wells, producing for a period of 
two to four years. The production results, presented in Figure 2.8, clearly demonstrate that 
economically, it is desirable to develop horizontal wellbores. In a later study, Karcher et al. 
(1986) estimated that the horizontal wellbore productivity index is 2 to 5 times larger than an 
equivalent vertical wellbore in a homogenous medium. 
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Figure 2.8. Horizontal to vertical productivity index ratio of fractured wellbores (Giger, 
1985) 
 
The growing number of horizontal wellbore developments led to an improved quality on 
theoretical wellbore studies. One of the most popular theoretical models, developed by Joshi 
(1988), calculates the effective wellbore radius of a horizontal wellbore. It was shown that the 
drainage volume of horizontal wellbores is different from that of vertical wellbores, and 
therefore they have different production behaviours (Figure 2.9). As explained by previous 
studies, horizontal wellbores have a higher productivity index, which can be represented by an 
equivalent vertical wellbore with a larger diameter for the same drainage area. After obtaining 
the effective radius of a horizontal wellbore, the horizontal to vertical productivity index ratio 
can be found to compare the performance of the horizontal wellbore for similar drainage areas. 
The results of this study showed that horizontal wellbores are more efficient for thin reservoirs, 
a useful observation for initial wellbore drilling plans. 
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Figure 2.9. Horizontal to vertical productivity index ratio of fractured wellbores (Joshi, 
1988) 
 
Among early theoretical models, pressure distribution along wellbores was assumed to be 
uniform, known as the infinite conductivity wellbore model. Ozkan et al. (1995) studied this 
assumption with a semi-analytical model, coupling wellbore and reservoir hydraulics. The 
results showed that the pressure drop along the horizontal wellbores, while previously ignored, 
was as remarkable as the pressure drop in reservoirs.  These findings highlight that neglecting 
the wellbore pressure drop leads to an inaccurate flux and pressure distribution predictions. In 
another study by these authors (Ozkan et al. 1993), horizontal wellbore productivity was 
investigated to determine the optimum well length, diameter and production rate. It was also 
shown that infinite conductivity models generate further inaccuracy when the wellbore 
diameter is larger, or the flow rate is smaller. When considering the importance of wellbore 
productivity predictions as well as the total development costs, it is essential to have a robust 
and accurate model to evaluate wellbore performance. These analytical wellbore flow models 
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are continually improved through analysing the comparison of model results with field data. 
Guo et al. (2006) presented one of the most reliable models for flow rate predictions in 
multilateral wells, as illustrated in Figure 2.10. In this model, the hydraulic effects of horizontal 
wellbore, curvic section and vertical wells were taken into account, leading to more accurate 
results when compared with previous models. 
 
Figure 2.10. Schematic of a multilateral well (Guo et al. 2006) 
 
Due to simplistic assumptions of the analytical models and the physical complexity of 
actual wellbore flow, many studies took semi-analytical or numerical approaches to study 
wellbore production. Byrne et al. (2009) used CFD simulations to evaluate wellbore 
performance according to laboratory testing. In the study, the model was specified based on 
the laboratory tests to investigate the production challenges and satisfy drilling objectives. 
More recently, Sivagnanam et al. (2017) examined the effect of slot liner design parameters on 
flow behaviour through the liner and surrounding reservoir using CFD simulation (Figure 
2.11). For a 5 m liner, the wellbore flow rate was higher than for the smaller slot opening area. 
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Figure 2.11. Schematic of the CFD model (Sivagnanam et al. 2017) 
 
Computational fluid dynamics modelling has reliably helped to capture near-wellbore flow 
effects and complicated flow behaviour when compared to reservoir simulators or previous 
analytical models. Further research however, is required on CFD simulation of horizontal 
wellbores to be able to capture the high gradient near-wellbore flow, while considering the 
production from a large-scale reservoir. 
 
2.5 Research Gap 
Efficient wellbore production requires a better understanding of reservoir and wellbore 
conditions and their interactions. Depending on wellbore geometry, the flow characteristics 
through a reservoir and wellbore varies significantly. Several theoretical models and reservoir 
simulators have been presented in the existing literature, however, these models need further 
improvements regarding simple boundary condition assumptions at the reservoir-wellbore 
interface.  
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A review on experimental pressure drop models for perforated tubes shows some 
contradictory results limiting their range of applicability. Such opposing findings and the 
complicated flow condition and measurements in perforated tubes can limit the applicability of 
experimental studies to certain operating conditions. Moreover, the developed pressure drop 
models for wellbore flow are generally implemented in independent reservoir simulators. This 
can result in additional inaccuracies due to the lack of physical in-situ interactions between 
wellbore and reservoir. Furthermore, in the development of each model, different methods and 
operating conditions are used, which can lead to incompatible coupling for any reservoir and 
wellbore. Besides wellbore flow characteristics, a reliable prediction of wellbore flow depends 
equally on considering formation flow behaviour around the wellbore, and eliminating any 
simplifying assumptions such as pre-defined wellbore inflow condition. A close review on the 
developed models to date reveals that there are fundamental drawbacks involved in model 
assumptions that require further address. 
As discussed so far, there are two major factors that influence the wellbore performance: i) 
wellbore flow; and ii) reservoir flow. Based on the current literature, industry reports, and 
consultations with Australian mining and oil and gas companies, the current research is centred 
around answering the following fundamental question: 
“What is the effect of wellbore geometry, completions and orientation on integrated 
reservoir-wellbore flow?” 
Considering the identified gaps in the literature, the answer to this question requires further 
investigation of the integrated flow assumption. Thus, a large-scale three-dimensional model 
was developed using CFD simulations to study the integrated reservoir-wellbore flow. The 
specific influence of wellbore geometry on flow field behaviour, frictional losses, pressure 
drop, and production performance was investigated. It was shown that the developed CFD 
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model is capable of providing an alternative solution to experimental studies of wellbore flow 
with different completions, such as perforated pipes. The developed model of integrated 
reservoir-wellbore flow was further examined for a large-scale comparison of horizontal and 
vertical wellbore performance. 
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Chapter 3 
Computational Model Development 
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3.1 Introduction 
In this chapter, modelling assumptions, governing equations and the numerical procedure 
that was considered for simulating reservoir-wellbore flow will be explained. Different stages 
of simulation from geometry design to mesh generation, to solver modification and the solution 
of governing equations were carried out using ANSYS software and C programming language. 
Throughout the world today, thousands of companies benefit from the use of ANSYS Fluent 
software. Advanced solver technology provides fast, accurate CFD results, flexible moving 
and deforming meshes, and superior parallel scalability. User-defined functions allow for the 
implementation of new user models as well as the extensive customisation of existing ones 
(Yao et al. 2013).  
Key advantages of numerical simulations compared to experimental studies are: i) cost 
effectiveness; ii) flexibility to change flow scenarios; and iii) ability to provide information 
about in-situ flow behaviour. Modelling flow, using the finite volume based simulator, ANSYS 
is one of the most widely accepted methods to date, the software being regarded as having one 
of the strongest and most sophisticated solvers developed. It has already proven to be a robust 
tool for mechanical and chemical engineering applications, and is a promising tool to be used 
in coal seam drainage, oil and gas and petroleum engineering problems. 
 
3.2 Model Assumptions 
3.2.1 Coal Seam Drainage Model 
CSG is trapped inside the coal seam by water and formation pressure. Methane gas is 
maintained inside the coal matrix and sealed with water, present in coal fractures (i.e. cleats). 
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As the reservoir pressure at a wellbore reduces, the water begins to flow out of the cleats 
allowing gas to be desorbed from the coal matrix. Based on the described production process, 
an integrated reservoir-wellbore model was defined, as presented in Figure 3.1, and the 
following assumptions were taken into consideration: 
 
Figure 3.1. A schematic diagram of reservoir-wellbore model of coal seam drainage 
 
 Water is the working fluid for the single-phase liquid flow; 
 Methane (a compressible ideal gas) is the working fluid for single-phase gas flow; 
 The simulations are conducted in the single-phase production stage and in the steady-
state condition; 
 Two cell zone conditions for a porous coal seam and an internal wellbore flow are 
defined; 
 Coal is regarded as a homogenous porous media holding gas in the coal matrix; 
 Fluid flow through the cleat system of coal obeys Darcy’s law;  
 Flow through the wellbore is considered turbulent; and 
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 Flow variables are transferred between wellbore and porous zone by defining an 
interface at the contact region of the two zones. 
One of the most determining parameters that affects gas production from coal seams is coal 
(reservoir) permeability. Coal permeability varies from near 0.1 to 100 md for deep and shallow 
reservoirs, respectively (Darling, 2011). In this study, the horizontal and vertical permeability 
of 10 md and 1 md, respectively, were considered for the coal seam zone. In order to generalise 
the computed results, the dimensionless parameters in Table 3.1 were defined. The reference 
values of D0=0.1 m, L0=100 m, P0=1 atm, ρ0,l=998.2 kg/m3, ρ0,g=0.67 kg/m3 were assumed for 
wellbore diameter, length, pressure, liquid density and gas density, respectively. 
Table 3.1. Dimensionless parameters
 
Variable type                      Dimensionless parameters 
Independent variables 
0
*
L
x
x   
0
*
D
y
y   
0
*
D
z
z 
 0
*
L
l
l 
 
Dependant variables 
0
0
*

P
V
V   
0
*
p
p
p   
 
3.2.2 Perforated Pipe Model 
Based on the physical model, two different types of flow conditions were taken into 
consideration: internal pipe flow along a perforated pipe and porous flow through the 
formation. The perforated pipe was surrounded with a porous media, fed with inflow from 
reservoir. The main perforation parameters that influence flow resistance through a perforated 
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pipe include perforation density, diameter and phasing angle, which were investigated using 
CFD simulations. Computed results for different main flow and inflow rate ratios were studied 
and a parametric study of perforation geometry was carried out. 
In the current literature, several friction factor and pressure drop models have been 
developed that produce relatively accurate results, to be applied to a wide range of geometrical 
and operating conditions. In this study, the developed model was compared and validated with 
existing pressure drop and friction factor models. The computed results were compared with 
widely accepted models by Asheim et al. (1992) and Ouyang et al. (1998). Asheim et al. (1992) 
investigated momentum balance for a perforation along a wellbore, and developed the 
following pressure drop model: 
d
v
ff
dx
dp
a
2
0
2
)(

  (3.1) 
Where f0 is the wall friction factor and fa is the additional friction factor to accelerate the 
injected fluid, which is obtained using the following equation: 







nq
q
q
q
Df iia
2
1  (3.2) 
Ouyang et al. (1998) conducted a series of experiments on horizontal wellbore flow with a 
wall injection and developed the following pressure drop equation for turbulent flow: 
A
q
v
d
vf
dx
dp iw 

2
2 2
  (3.3) 
 3978.00 Re0153.01 ww ff   (3.4) 

 i
w
q
Re  (3.5) 
where f0 is the Fanning friction factor for non-perforated pipes that can be determined using 
the widely used Colebrook-White equation: 
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1
√𝑓0
= −4log (
𝛿
3.7𝐷
+
1.255
√𝑓0𝑅𝑒
) (3.6) 
In the current study, the average fanning friction factor was calculated by first computing 
the area-averaged shear stress at a perforated pipe wall, as well as the volume-averaged velocity 
along the pipe domain. These values were then used in the following wall shear stress equation 
(Ouyang et al. 1997): 
2
2
U
f ww


  (3.7) 
In order to generalise pressure drop results for different perforation patterns, the pressure 
drop coefficient is calculated by:  
2
2
1
iV
P
K


  
(3.8) 
where P  is the overall pressure drop along the perforated pipe, and 
2
2
1
iv  is the dynamic 
pressure at the pipe inlet. 
 
3.2.3 Horizontal Wellbore Performance 
In order to evaluate the performance of a horizontal wellbore, the productivity index can 
be compared with a vertical wellbore to justify the extra costs involved in the drilling and 
development. Joshi (1988) proposed one of the most widely accepted analytical equations to 
date for this exact evaluation. Using his model, the higher production of horizontal wellbores 
are represented by vertical wellbores of a larger radius. This equivalent vertical wellbore radius 
was called the “effective vertical wellbore radius”, and for equal drainage volumes and 
productivity indices, was obtained as follows: 
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𝑟𝑤𝑒 =
𝑟𝑒𝐻(
𝐿
2)
a [1 + √1 − (
𝐿
2𝑎)
2
] [
ℎ
2𝑟𝑤
]
ℎ/𝐿
 (3.9) 
𝑎 = (
L
2
)
[
 
 
 
 
1
2
+ √
1
4
+
1
(
0.5𝐿
𝑟𝑒𝐻
)4
]
 
 
 
 
0.5
 (3.10) 
 
where reH is the horizontal drainage radius, L is the horizontal wellbore length, rw is vertical 
wellbore radius, and h is the reservoir height. After finding the effective vertical wellbore 
radius, the productivity index of horizontal and vertical wellbores can be compared using the 
horizontal to vertical productivity index ratio: 
𝐽𝐻/𝐽𝑉 = ln (
𝑟𝑒𝑉
𝑟𝑤
) / ln (
𝑟𝑒𝐻
𝑟𝑤𝑒
) (3.11) 
 
where reV is the vertical drainage radius. The CFD simulations were first validated with this 
model and existing experiments, and further studies were carried out to demonstrate the 
capabilities of the developed integrated model. 
 
3.3 Governing Equations 
Based on the model assumptions (section 3.2), two different sets of equations are required 
to simulate flow through the wellbore and reservoir. Flow in the wellbore section is considered 
as internal turbulent pipe flow with distributed mass transfer through the wall, and flow through 
the reservoir is treated as porous media flow. 
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3.3.1 Wellbore Flow Equations 
Considering varying mass transfer across the reservoir-wellbore intersection, the 
conservation equations of mass momentum and energy can be written as follows: 
  0


i
i
u
x
  
(3.12) 
 
(3.13) 
where 

 jiij uu  (3.14) 
is the Reynolds stress tensor and accounts for the stress acting on fluid element under the effect 
of turbulent flow fluctuations. This term needs to be calculated using the turbulence model in 
order to close the equations. The standard k−ε model was chosen for the turbulence modelling 
of fluid flow according to the current model validation and similar wellbore flow simulations 
in the literature (Yuan, 1997;  Ouyang et al. 2009). The comparison of pressure drop results for 
five turbulence model of standard, RNG, realisable k−ε, standard k−ω, and Reynolds stress 
model (RSM) with experimental data (Asheim et al. 1992; Ouyang et al. 1998) shows that the 
standard k−ε model provides the most accurate results, while RSM shows moderately 
acceptable results with a considerably longer computation time. The standard k−ε model is 
based on transport equations (Fluent, 2009) for turbulence kinetic energy (k) and its dissipation 
rate (ε).  
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3.3.2 Reservoir Flow Equations 
The volume blockage, which is physically present, was not represented in the model. 
Therefore, a superficial velocity inside the porous medium based on the volumetric flow rate 
was used. This was done to ensure the continuity of velocity vectors across the porous medium 
interface. The porous medium is modelled by the addition of a momentum sink term to standard 
fluid flow equations. In order to do this, Darcy’s flow was considered through the porous 
reservoir. Under suggested assumptions for the formation, the conservation equations are 
written as follows:  
  mi
i
Su
x



  (3.15) 
 
(3.16) 
where Sm is the mass source term accounting for the production of gas from coal seam. In order 
to add mass source term in the reservoir zone, internal functions and macros supplied by 
ANSYS Fluent were compiled in the C programming language and then linked to the solver. 
The macro used in this study specified the custom mass source term Sm in Eq. (3.15) at each 
cell across the reservoir with units of kg/m3s. The last term in Eq. (3.16) was defined using 
Darcy’s Law: 
 
(3.17) 
The above momentum sink term contributes to the pressure gradient in the porous cell, 
creating a pressure drop that is proportional to the fluid velocity in the cell. 
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3.4 Solution Procedure 
The following steps should be taken to generate the CFD model using ANSYS software: 
1. Design geometry using ANSYS DesignModeler; 
2. Mesh the generated geometry based on the physical model. For higher flow gradients, 
finer mesh should be considered and vice versa to reduce the computational time; 
3. Analyse mesh quality and define different zones and boundaries; 
4. Export the generated mesh to ANSYS FLUENT to solve conservation equations;  
5. Define boundary and initial conditions; 
6. Define a solution plan and modify solver using user defined functions; 
7. Partition mesh and assign each mesh to a CPU for parallel processing; 
8. Run calculations, and; 
9. Undergo post processing and result analysis. 
The successful development of a CFD model to simulate the current physical model 
requires considerable insight to accomplish each of the above-mentioned steps. Faulty 
geometry design or mesh generation can result in significant errors. Similarly, incorrectly 
applying solution algorithms that conflict with the physical model can easily lead to the 
divergence of numerical solution. To overcome these challenges, a thorough understanding of 
CFD techniques and the implementation of user defined functions are crucial. More detailed 
explanations about the most efficient simulation considerations are not presented in this thesis 
due to content limitations, but can be found in the ANSYS FLUENT user’s guide (ANSYS, 
2011).  
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Chapter 4 
Large-Scale Coal Seam Drainage 
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4.1 Introduction 
Extraction of coal seam gas (CSG) prior to mining is crucial for reducing the potential risks 
of gas outburst and explosions during underground coal mining as well as gas production 
purposes. Many numerical and experimental studies have been carried out to identify the 
factors affecting the gas productivity. These factors include coal properties, gas content and 
wellbore geometries. Two different flow conditions determine the gas production efficiency: 
The gas flow inside the wellbore injected from wall, and the flow through porous coal medium. 
The full understanding of simultaneous flow of fluids through reservoir and wellbore is critical 
for analysing the reservoir behaviour. However, previous studies examined the flow of these 
fluids separately. In this research, a large scale three-dimensional model for simulation of 
integrated reservoir-wellbore flow is developed to study the effect of wellbore geometry on 
flow characteristics and wellbore productivity. The simulations are carried out for four different 
wellbore diameters of 0.075, 0.10, 0.125 and 0.15 m as well as three different lengths of 50, 
100, and 150 m. It is assumed that the wellbores are in a steady-state condition for two different 
single phase scenarios of water and methane gas flow. The simulation results are validated 
against the pressure drop models for internal single phase gas and water flow reported in the 
literature. The obtained results reveal that increasing the wellbore diameter leads to reduction 
of fluid pressure in the coal seam. Regarding the effect of wellbore length, it is observed that 
at a specific distance from wellbore outlet, the pressure distribution is independent of the 
wellbore length and upstream effects. It is also shown that wellbore production could be 
enhanced by increasing the diameter and the length of wellbore for both gas and liquid flow. 
The developed integrated framework can be used further for study of any enhanced gas 
recovery method by changing the boundary conditions based on the physical model. 
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4.2 Computational Model of Coal Seam Drainage 
A section of horizontal wellbore is chosen as the base physical model. A 100 m  5 m coal 
panel with seam thickness of 2.5 m and a wellbore diameter of 0.1 m is considered as the 
baseline condition. Outlet atmospheric pressure boundary condition is applied at the wellbore 
end. Four different wellbore diameters of 0.075, 0.1, 0.125 and 0.15 m as well as three different 
lengths of 50, 100, and 150 m are chosen to accomplish the parametric study of the wellbore 
geometry. The large-scale coal seam-wellbore models generated for the current simulations are 
presented in Figure 4.1. The Semi-implicit Method Pressure-linked Equations (SIMPLE) 
algorithm is used for the pressure–velocity coupling. The second-order upwind discretisation 
scheme is utilised for the momentum, turbulent kinetic energy, and turbulent dissipation rate. 
The computations are carried out using parallel processing on a high performance computing 
workstation with 32 nodes. Each node is configured as follows: 2 10 cores @2.60GHz, 
128GB RAM. 
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Figure 4.1. Coal seam-wellbore geometries with different wellbore diameters and lengths 
 
The computational meshes with high resolution of approximately 1.5 million hexahedral 
cells were generated with ANSYS Meshing. The average orthogonal quality of 93.2% with 
standard deviation of 4.8% was achieved for the generated grid. Due to higher pressure gradient 
at the reservoir-wellbore interface, finer meshes were created near the interface to capture 
sudden flow variations as presented in Figure 4.2. In order to study the grid-independency of 
simulations, pressure drop along wellbores with different diameters were plotted for three 
meshes with coarse, medium and fine resolutions as shown in Figure 4.3. It can be seen that 
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for mesh resolution higher than 500000 cells, the simulation results are not influenced, 
confirming that a grid-independent solution is achieved. 
 
Figure 4.2 Computational mesh of reservoir-wellbore model of coal seam drainage 
 
Figure 4.3. Pressure drop vs. wellbore diameter for methane flow with different mesh 
resolutions 
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4.3 Validation of the Model 
From the baseline condition, the diameter and length of the wellbore are varied to 
accomplish a parametric study of integrated coal seam-wellbore flow. All simulations are 
conducted for both methane flow and water flow as the working fluids during the fluid 
production from underground coal seams. The computed results for methane flow along the 
wellbore are compared with Atkinson’s equation (Le Roux, 1990) to determine the pressure 
drop using the following equation: 
where P  is the pressure drop ( Pa ), C  is Atkinson friction factor (
3/ mkg ), erP  is wellbore 
perimeter ( m ), A  is cross-sectional area ( 2m ),   is gas density ( 3/ mkg ), and Q  is gas flow 
rate ( sm /
3
). The computed pressure drops for four different diameters (coloured with 
diameters) as well as three different lengths are presented in Figure 4.4. The simulation results 
show good agreement with Atkinson’s equation. For the water flow, the simulation results are 
compared with the following pressure drop model along the pipes (Aziz and Govier, 1972): 
2
3
Q
A
LCP
P
air
er


  (4.1) 
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Figure 4.4. Comparison of simulated model for methane flow with Atkinson equation (Le 
Roux, 1990) 
 
Figure 4.5. Comparison of simulated model for water flow with (Aziz and Govier, 1972) 
correlation 
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where Re  is the Reynold number,   is the absolute pipe roughness. Same geometries as 
described for methane flow are now used for water flow (Figure 4.5). It can be seen that the 
results are in good agreement with the pressure drop model along pipes. 
In order to evaluate the integrated reservoir-wellbore model performance, more simulations 
were carried out for the case of wellbore-only flow with wall inflow. Velocity inlet with 
uniform distribution normal to wellbore stream is defined at wellbore wall to account for 
methane gas flowing from upstream reservoir. This parameter was determined assuming equal 
flow rate at the wellbore outlet for both cases, which is equivalent to equal inflow rate from the 
wellbore wall. The pressure drop results for the wellbore model is compared with presented 
integrated reservoir-wellbore model and Atkinson’s equation in Table 4.1. 
Table 4.1. Comparison of wellbore-only model with integrated reservoir-wellbore model
 
Wellbore 
dimensions (m) 
Pressure drop (Pa) Relative error* (%) 
Wellbore-only
 
Integrated reservoir-wellbore
 
Wellbore-only
 
Integrated reservoir-wellbore
 
D=0.075, L=100 18.59 15.02 15.7 6.5 
D=0.10, L=100 4.77 3.46 25.1 9.2 
D=0.125, L=100 1.74 1.07 49.4 8.1 
D=0.15, L=100 0.6 0.41 37.9 5.7 
D=0.10, L=50 2.45 1.73 28.6 9.2 
D=0.10, L=150 6.85 5.28 19.8 7.6 
* realtive errors are calculated based on Atkinson’s equation 
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It can be seen that the integrated model provides more accurate results compared to 
wellbore flow model. A close examination of the velocity vectors at the reservoir-wellbore 
interface for the integrated model shows that the gas is released into the wellbore in the 
direction of wellbore stream. However, the wellbore-only model overestimation can be 
explained by normal direction of wall inflow to main stream and consequently higher pressure 
drop for accelerating the injected fluid. 
The velocity streamlines through coal seam and wellbore are illustrated in Figure 4.6. As 
presented in this figure, fluid motion originates from coal seam under the influence of large 
pressure gradient near the wellbore. It is observed that fluid velocity grows sharply as travelling 
across the reservoir and towards the wellbore. The presented flow mechanism proves the 
important influence of efficient wellbore drilling on reservoir production. 
 
Figure 4.6. Velocity streamlines through coal seam reservoir and wellbore 
 
Development of a three-dimensional integrated model can be considered as a promising 
tool to improve our understandings about flow field variables and behaviour. These results are 
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essential for advancement of wellbore development plans and study of improved fluid recovery 
methods where few in-situ data are available due to access limitations and geometrical 
difficulties. Another advantage of the current model is providing flow field data at any point 
through the coal seam for any given geometry and operating condition using a fast and cost 
effective computer model. The presented reservoir-model is further evaluated by two 
parametric studies on the effect of wellbore geometry and length in the following sections. 
 
4.4 Effect of Wellbore Diameter 
Pressure contours at five planes (x*=0, 0.25, 0.5, 0.75, 1) along and three planes (z*=−25, 
0, 25) across the coal seam for single phase flow of gas and water are illustrated in Figure 4.7. 
It is evident that by increasing the wellbore diameter, the fluid pressure throughout the coal 
seam decreases. Development of larger wellbores lead to larger production area across the 
reservoir as well as lower pressure drop and flow resistance along the wellbores. As a result, 
the model confirms that gas production can be enhanced by development of larger diameter 
wellbores. 
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(a) 
 
(b) 
 
Figure 4.7. Pressure contours along coal seam for different wellbore diameters for: 
a) methane flow, and b) water flow 
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To scrutinise the effect of wellbore diameter on coal seam pressure distribution, the 
pressure profiles in a vertical direction across the coal seam at x*=0.5 are plotted (Figures 4.8). 
It is observed that the flow pressure increases sharply and reaches approximately a constant 
value as moving away from the wellbore to the coal seam in a vertical direction. Comparison 
of different diameter curves shows that larger diameter wellbores are more effective in reducing 
the reservoir pressure and higher production. 
          (a)           (b) 
  
Figure 4.8. Pressure distribution in y direction across coal seam at x*=0.5 for: a) methane 
flow, and b) water flow 
          (a)           (b)  
  
Figure 4.9. velocity along wellbore centreline for: a) methane flow, and b) water flow 
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Velocity profiles for four different wellbore diameters along the wellbore centreline for 
methane and water flow are presented in Figure 4.9. The velocity magnitude varies inversely 
with wellbore diameter to satisfy the continuity of mass flow rate at the wellbore outlet for 
similar fluid production from the reservoir. The velocity grows almost linearly moving from 
the wellbore toe to the heel as the fluid is injected from the wall to the main stream. 
The velocity profile along a vertical direction at three different sections along wellbore 
(x*=0, 0.5, 1) for methane and water flow are presented in Figure 4.10. Comparison of velocity 
profiles at reservoir-wellbore interface shows that the integrated model has captured the sudden 
velocity increase as moving from reservoir to wellbore. It is also evident that moving from coal 
seam end to outlet section, the velocity magnitude increases considerably due to continuous 
injection of fluid along the wellbore. 
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Figure 4.10. Velocity profile along Y direction for methane (left) and water (right) flow 
at: a,c) x*=0; b,d) x*=0.5; e,f) x*=1 
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4.5 Effect of Wellbore Length 
Pressure contours for different wellbore lengths at three planes with similar distance of 
0, 25, 50 m from wellbore outlet and three planes (z*=−25, 0, 25) across the coal seam for 
single phase methane flow are presented in Figure 4.11. These three planes along the 
wellbore are chosen to investigate the influence of upstream effects on production behaviour 
and pressure distribution through coal seams with longer wellbores. Pressure through the 
coal seam in the far from wellbore regions does not vary significantly along the coal seam in 
the x direction. This behaviour can be explained by the greater value of coal permeability in 
the horizontal plane compared to the vertical plane. The pressure contours for the three cases 
show that for a specific distance from the wellbore outlet, the pressure distribution in the 
reservoir is almost independent of wellbore length and upstream effects. However, it must 
be noted that the pressure profile along the wellbore varies with wellbore length as shown in 
Figure 4.4. 
 
Figure 4.11. Pressure contours along coal seam for different wellbore lengths 
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This observation is investigated further by studying pressure profiles across the horizontal 
and vertical directions through coals seams of different lengths (x*=0.5, 1, 1.5) as presented in 
Figure 4.12. . As can be seen, at a similar distance from the wellbore outlet, the upstream 
wellbore flow does not influence pressure distribution across the reservoir. The pressure 
increases more sharply when moving away from the wellbore in the y direction due to higher 
permeability in vertical plane compared to horizontal plane. 
         (a)      (b) 
  
Figure 4.12. Pressure distribution at distance of 25 m from wellbore outlet in: a) y direction 
, and b) z direction  
 
Velocity profiles across the vertical direction at a distance of 25 m from the wellbore 
outlet for three different coal seam lengths (x*=0.5, 1, 1.5) are presented in Figure 4.13. It is 
evident that the longest coal seam has the highest velocity magnitude across the wellbore 
centreline, which can be explained by the higher injection from upstream reservoir to the 
wellbore. Similar observations, presented in Figures 4.11-4.13, are observed for the effect of 
wellbore length on single phase water flow through coal seam and wellbore.  
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Figure 4.13. Velocity profile along y direction at the distance of 25 m from wellbore outlet 
for different wellbore lengths 
 
4.6 Effect of Wellbore Geometry on Productivity Index 
As explained previously, one of the appropriate tools for evaluating the wellbore 
performance in petroleum engineering is productivity index (PI) which is defined as the ratio 
of produced liquid flow rate to pressure drawdown. In order to study the effect of wellbore 
geometry on wellbore performance, dimensionless productivity index (JD) is calculated as 
follows: 
w
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 (4.4) 
The effect of wellbore diameter and length on productivity index for the single phase 
methane flow and water flow is presented in Figure 4.14. Regarding the impact of wellbore 
diameters, the CFD results show that increasing the diameters leads to higher PI which is 
consistent with previous findings. Similar behaviour is observed on the effect of wellbore 
length considering greater production volume for longer reservoir sections. The presented 
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simulations and case studies verifies the improved capability of the current integrated reservoir-
wellbore model as a promising tool for further studies of enhanced fluid recovery. 
  
Figure 4.14. Productivity index for different wellbore geometries. a) wellbore diameter; b) 
wellbore lengths  
 
4.7 Conclusions 
A three-dimensional CFD model for the simulation of integrated reservoir-wellbore flow 
is developed to study the significant effect of wellbore geometry on flow characteristics of coal 
seams. Four different wellbore diameters and three lengths are simulated for single phase 
methane and water flow. The numerical simulation results show that by increasing the wellbore 
diameters the fluid pressure throughout the coal seam falls, resulting in more efficient 
production from coal seam. It can also be seen that the velocity magnitude is remarkably larger 
across wellbore than through reservoir and moving from coal seam end to outlet section, the 
velocity magnitude increases considerably due to continuous injection of fluid along the 
wellbore. Pressure distribution through the coal seam in the far from wellbore regions does not 
vary significantly along the wellbore due to higher permeability of porous media in horizontal 
plane. In addition, the computational results indicate that for a specific distance from the 
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wellbore outlet, the pressure distribution is almost independent of wellbore length and upstream 
effects. It is confirmed that with increasing the wellbore diameters and lengths the wellbore 
productivity index is enhanced. This study proves that the presented CFD model can be used 
as a promising tool for study of wellbore performance predictions as well as enhanced fluid 
recovery methods. This model can provide the engineers with in-situ data using an inexpensive 
and flexible computer model. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
63 
 
 
 
 
 
Chapter 5 
Perforated Pipe Flow 
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5.1 Introduction 
Perforated pipes are used widely in vertical and horizontal production wellbores. 
Understanding the fluid flow behaviour through perforated pipes by taking into consideration 
the wall inflow is crucial for determining the wellbore frictional characteristics. Accurate 
prediction of pressure drop along the perforated pipes is a key step in completion design of 
production wellbores. Many empirical and theoretical models have been reported in the 
literature to predict pressure drop and friction factor along perforated pipes. However, these 
models show contradictory findings (as discussed in section 2.3), which is resulted from 
variations in the wall inflow configuration and modelling assumptions. The fluid flow through 
the surrounding formation and its interactions with wellbore have been simplified in the 
previous models which limits their range of applicability. 
In this study, a three-dimensional integrated reservoir-wellbore model of fluid flow through 
a perforated pipe surrounded by porous media is developed via Computational Fluid Dynamics 
(CFD) simulation. The model is used to investigate the effect of perforation parameters 
including perforation density, diameter and phasing angle on the wall friction factor and the 
pressure drop along the perforated pipe. The simulations are carried out for pipe inlet velocities 
of 0.5, 2.5, and 5 m/s with inflow to pipe flow rate ratios of 0, 7.5%, 15%, 30%. The results 
from this study show that the friction factor varies linearly with the perforation density but does 
not change remarkably with the perforation diameter or phasing angle. The observed trends of 
wall friction factor with perforation parameters are further explained and confirmed by 
studying the local wall shear stress results. Increasing the number of perforations leads to a 
higher friction factor as well as a larger pressure drop along the pipe. It is also observed that 
for perforation phasing angle of 90º, the overall pressure drop has the highest value compared 
to other phasing angles due to intensified influence of mixing pressure drop. For turbulent flows 
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with high Reynolds number, the accelerational pressure drop is more dominant than the 
frictional and mixing pressure drop for the same inflow to pipe flow rate ratios. The developed 
model provides an alternative solution to experimental studies of perforated pipes, while 
delivering more details on friction factor behaviour and overall pressure drop components. 
 
5.2 Computational Model of Perforated Pipe 
To accomplish the parametric study of perforation patterns, a baseline perforated pipe with 
diameter of D=15 cm and length of L=2 m and perforation diameter of d=10 mm, density of 
n=20 shots per meter (SPM), and phasing angle of Φ=90º is chosen. From the baseline 
condition, these parameters are varied separately to study the effect of each parameter. In this 
study, the inflow rate (qi) refers to inflow from the pipe wall, and the pipe flow rate (Q) refers 
to flow along the pipe. Velocity inlet with uniform distribution is taken into consideration for 
pipe and formation inlets (Figure 5.1). Three pipe inlet velocities of Vi=0.5, 2.5, and 5 m/s are 
defined at the pipe inlet. For each inlet velocity, the pipe flow rate (Q) is calculated and four 
formation inlet velocities are determined using the lateral area of formation outer boundary and 
inflow to pipe flow rate ratios of qi/Q=0, 7.5%, 15%, and 30% (Vf=qi/AP). Outflow boundary 
condition with fully developed assumption and atmospheric pressure is defined at the pipe 
outlet. Formation thickness, porosity and permeability of 5 cm, 0.25 and 250 md respectively, 
with water as the working fluid are considered for simulations. All the operating and boundary 
conditions are chosen based on earlier models and their experimental conditions reported in 
the literature (Asheim et al. 1992; Ouyang et al. 1998). 
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Figure 5.1. Perforated pipe geometry surrounded with porous formation 
 
Semi-implicit method pressure-linked equations (SIMPLE) algorithm is used, since more 
stable solution was observed compared to other pressure-velocity coupling schemes. The 
second-order upwind discretisation scheme was utilised for momentum, turbulent kinetic 
energy, and turbulent dissipation rate.  
The computational mesh of the integrated model for perforated pipe and porous formation 
around the pipe (Figures 5.2a-b) was generated with ANSYS Meshing. The mesh size with 
high resolution of approximately 1.5–2.1 million tetrahedral cells for different perforation 
parameters was created and the average orthogonal quality and standard deviation of 94.7% 
and 3.6% were achieved, respectively. 
Fluid flow computations across these two different cell zones, i.e., pipe flow and porous 
media flow are connected using non-conformal meshes. At the outer side of the pipe wall, 
where perforations are located and overlap with porous formation, an intersection is computed 
and then an interior zone is produced to pass the fluxes across the two cell zones. 
67 
 
(a) 
 
(b) 
 
(c) 
 
Figure 5.2. Computational meshes of a) surrounding formation, b) perforated pipe, and c) 
perforation 
 
Since the perforations are the only connection between the two cell zones, strong flow 
gradients at these relatively small entrance points are expected. In order to capture the sudden 
changes in flow variables and boundary layer region at such wall-bounded turbulent flow, mesh 
sizing and inflation layer meshing controls were implemented during mesh generation (Figure 
5.2c). In order to ensure that a mesh independent solution is achieved, simulations were carried 
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out for the baseline condition with different mesh sizes as presented in Figure 5.3. It was 
observed that increasing the mesh size further than 1 million cells, does not lead to further 
changes in simulation results.  
The computations are carried out using parallel processing on a high performance 
computing workstation with 32 nodes. Each node was configured as follows: 2×10 cores 
@2.60GHz, 128GB RAM. The simulation reports, recorded the total CPU time of 
approximately 90,000–350,000 seconds for different perforation parameters and inflow rate 
ratios. 
 
Figure 5.3. Pressure drop coefficient for different mesh sizes 
 
5.3 Model Validation 
In this study, the pressure drop models for perforated pipes developed by Ouyang et al. 
(1998) and Asheim et al. (1992) are used to validate the current model computations. The 
obtained results for a pipe with perforation parameters of n= 20 SPM, d=10 mm, and Φ=90º 
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are chosen for comparison with the mentioned models. Figure 5.4 shows the previous model 
predictions plotted against current model computations for 12 cases with different pipe flow 
and wall inflow rates. 
 
Figure 5.4. Current model pressure drop compared with 
previous models (Ouyang et al. 1998; Asheim et al. 1992) 
 
The validation results show a good agreement with earlier model predictions of Ouyang et 
al. (1998) and Asheim et al. (1992) with the deviations of 4.7% and 9.4%, respectively. 
The pipe frictional losses are usually related to Darcy-Weisbach friction factor which is a 
function of Reynolds number and relative pipe roughness. Averaged Darcy friction factor for 
perforated tubes with different perforation densities and diameters is compared with the 
equivilant friction factor for non-perforated pipes using Colebrook-white (Eq. 3.6). The results 
are within the typical range of friction factor for perforated tubes compared to previous studies 
(Siwon, 1987; Su, 1996; Yuan et al. 1998; Ouyang et al. 1998; Yalniz and Ozkan, 2001). Figure 
5.5 indicates that the perforated pipe flow behaves similarly to conventional pipe flow in terms 
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of variations of wall friction factor with Reynolds number, i.e., as the Reynolds number 
increases for turbulent flow, the wall friction factor decreases. 
 
Figure 5.5. Darcy friction factor for different perforation densities and diameters 
 
5.4 Perforation Parameters 
5.4.1 Simulation Scenarios 
In this section, the effects of major perforation parameters including perforation density, n, 
perforation diameter ratio, d/D, and perforation phasing angle, Φ, on the frictional losses and 
overall pressure drop are investigated. The perforation parameters for various scenarios 
considered in simulations are presented in Table 5.1. The following results are computed for 
the pipe inlet velocity of vi=0.5 m/s and inlet flow rate of Q=0.009 m
3/s. The friction factor 
ratio, defined as the ratio of perforated pipe to non-perforated pipe friction factor is calculated 
using Eqs. (3.6˗3.7). 
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Table 5.1. Simulation scenarios for different perforation geometries 
Scenario 
Perforation density  
n (SPM) 
Perforation diameter, 
d (mm) 
Perforation phasing angle 
Φ (deg) 
Baseline 20 10 90 
    
1 7 10 90 
2 13 10 90 
3 26 10 90 
4 39 10 90 
    
5 20 2.5 90 
6 20 5 90 
7 20 15 90 
8 20 20 90 
    
9 20 10 0 
10 20 10 60 
11 20 10 120 
12 20 10 180 
 
5.4.2 Perforation Density 
The number of perforations plays an important role in evaluation of productivity and 
pressure drop predictions along the perforated pipes. Higher perforation densities are required 
for formations with higher flow rates. However, there are other factors such as flow resistance 
along the pipe that need to be taken into account before determining the number of perforations.  
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Figure 5.6. Illustrative geometries of perforated pipes with different perforation densities 
 
Five peroration densities of 7, 13, 20, 26, and 39 SPM (examples shown in Figure 5.6) are 
simulated to investigate the effect of perforation density on wall friction factor ratio as 
presented in Figure 5.7. It is observed that the average wall friction factor grows linearly with 
number of perforations. The direct relation between the wall friction factor and the perforation 
density has been indicated by Siwon et al. (1987) and the linear relation between these two 
parameters has been reported by Su and Gudmundsson (1993). In order to study this behaviour 
closely, contours of wall shear stress were plotted at the pipe wall for different perforation 
densities (Figure 5.8). It is evident that area averaged wall shear stress, w  (Eq. 3.7), grows with 
increasing the number of perforations. 
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Figure 5.7. Wall friction factor ratio variations with perforation density for different 
inflow rate ratios 
 
Study of local shear stress around perforations shows regions of high stress around each 
perforation. Strong flow gradients around each perforation creates these high shear stress points 
and higher chances of wellbore instabilities where wellbore collapses occur. The summation 
of the shear stress at these critical points for pipes with higher perforation densities explains 
the linear behaviour of frictional losses with perforation density in Figure 5.7. As a result, it 
can be assumed that pipes with larger number of perforations along the wall have higher 
equivalent pipe roughness. 
The variations of pressure drop coefficient (Eq. 3.8) with perforation density calculated for 
different inflow rate ratios are shown in Figure 5.9. It is shown that increasing the number of 
perforations leads to a higher pressure drop along the pipe. The overall pressure drop for a 
horizontal pipe with wall inflow is determined by three types of  accelerational, frictional, and 
mixing pressure drop (Su and Gudmundsson, 1994).  
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Figure 5.8. Wall shear stress contours for pipes with different perforation densities 
 
It was seen that frictional losses vary linearly with n and also for a constant inflow rate 
ratio, the accelerational term remains constant. Consequently, it is concluded that with 
increasing the number of perforations, the overall pressure drop is less significantly determined 
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by frictional losses. This behaviour also shows that the accelerational and mixing pressure 
drops do not vary remarkably with the number of perforations. 
  
Figure 5.9. Pressure drop coefficient variations with perforation density for different inflow 
rate ratios 
 
5.4.3 Perforation Diameter 
Another perforation parameter that influences the wellbore productivity and flow resistance 
is perforation or cavity diameter. Five different perforation diameters of 2.5, 5, 10, 15, and 20 
mm (d/D=0.017,0.033,0.067,0.1,0.133) are considered in order to examine the effect of 
perforation diameter on perforated pipe flow (examples shown in Figure 5.10). The effect of 
perforation to pipe diameter ratio on the wall friction factor ratio is presented in Figure 5.11. It 
is observed that increasing the perforation to pipe diameter ratio from 0.017 to 0.067 results in 
the rise of the wall friction factor slightly. However, no significant impact on the frictional 
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losses is observed when the perforation diameter is further enlarged. Similar observation was 
reported by Siwon (1987) for perforation to pipe diameter ratios greater than 0.07.  
 
Figure 5.10. Illustrative geometries of perforated pipes with different perforation diameters 
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Figure 5.11. Wall friction factor ratio variations with perforation diameter ratio for 
different inflow rate ratios 
This trend can be explained by studying the contours of wall shear stress for the three cases 
as presented in Figure 5.12. For 067.0
D
d
, similar wall shear stress distribution is observed 
which can be explained by the velocity distribution at near wall boundary layer. 
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Figure 5.12. Wall shear stress contours for pipes with different perforation diameter 
ratios 
For smaller perforation diameters, the fluid is injected with higher velocity resulting in 
expansion of boundary layer. This will decrease the velocity gradient in vertical direction 
verifying the presented results in Figures 5.11-5.12. 
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Figure 5.13. Pressure drop coefficient variations with perforation diameter ratio 
for different inflow rate ratios 
 
The variations of pressure drop coefficient with the perforation to pipe diameter ratio at 
various wall inflow rates, are presented in Figure 5.13. It is evident that the pressure drop, in 
general, increases with perforation to pipe diameter ratio. However, this increase is less 
significant for 067.0
D
d
at high wall inflow rates. For large perforation diameters, the 
boundary layer is no longer influenced significantly as the inflow velocity falls. However, for 
the case with no wall inflow, the interactions between perforations and wellbore flow are 
significant enough for 067.0
D
d
 and the overall pressured drop increases for larger 
perforation diameters. 
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5.4.4 Perforation Phasing  
Perforation phasing angle is the angle between the perforations, which can influence the 
stability of the pipe for high density perforations. The effects of perforation phasing angle on 
the flow resistance and productivity need to be taken into account in the design of perforated 
pipes. Five different perforation phasing angles of 0º, 60, 90º, 120º, and 180º are simulated 
(examples shown in Figure 5.14). 
 
Figure 5.14. Illustrative geometries of perforated pipes with different perforation phasing 
angles 
 
The Wall friction factor ratio and the shear stress contours for perforated pipes with 
different phasing angles are presented in Figures 5.15-5.16. 
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Figure 5.15. Wall friction factor ratio variations with perforation phasing angle 
for 
different inflow rate ratios 
 
It is evident that the averaged wall friction factor does not vary significantly with the 
phasing angle. A similar behaviour is observed when the contours of wall shear stress for 
different perforation phasing angles are compared. The contours indicate that in the near 
perforation areas, the wall shear stress is larger as a result of a faster fluid motion. In addition, 
for the Φ=90º, the wall shear stress is more uniformly distributed whereas for Φ=0º the wall 
shear stress is mainly concentrated around the perforations. This behaviour for line perforation 
pattern, with phasing angle of Φ=0º, results in increasing the chance of wellbore instabilities. 
These results agree with the experiments carried out by Su (1996) confirming that the friction 
factor is independent of perforation phasing angle. 
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Figure 5.16. Wall shear stress contours for pipes with different perforation phasing angles 
 
The pressure drop coefficient for different perforation phasing angles is shown in Figure 
5.17. It is observed that for the phasing of Φ=90º, a higher pressure drop along the pipe is 
resulted when compared with the other two line patterns. 
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Figure 5.17 Pressure drop coefficient for different perforation phasing angles 
 
The highest pressure drop value for this phasing angle is attributed to the mixing component 
of the overall pressure drop. Mixing pressure drop becomes the dominant component of the 
overall pressure drop where accelerational and frictional pressure drop values are close to each 
other for different phasing angles (Figure 5.16). Mixing pressure drop represents the 
disturbances and energy dissipations along the turbulent bulk flow.  A close examination of 
velocity vectors showed that the vortical structure of the flow changes for different perforation 
phasing angles. In order to examine the mixing effects based on this observation, swirling 
strength (λ) was calculated as the imaginary part of complex eigenvalues of velocity gradient 
tensor (Fluent, 2009). This flow parameter represents the strength of the local swirling motion. 
Volume averaged swirling strength and turbulence eddy dissipation for different perforation 
phasing angles are plotted in Figure 5.18. It can be seen that for the case of Φ=90º, the 
perforation pattern creates the highest swirling strength and dissipation rate through the 
perforated pipe. 
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Figure 5.18. Volume averaged swirling strength and turbulence eddy dissipation 
for different perforation phasing angles 
 
5.5 Flow Parameters 
One of the important flow parameters influencing the wellbore flow characteristics is the 
inflow to main flow rate ratio. In this study, this ratio is defined as the total inflow rate through 
perforations to the pipe flow rate at the outlet. A review of the wall friction factor results for 
different perforation parameters (Figures 5.7, 5.11, 5.15) indicates a similar behaviour under 
the effect of flow rate ratio. As soon as the inflow from the pipe wall is initiated, the wall 
friction factor for turbulent flow falls sharply. This is commonly known as the lubrication or 
smoothing effect. It is however observed that the frictional losses do not vary remarkably 
increasing the inflow rate ratio from 0.075 to 0.3. A close comparison of results for different 
perforation parameters in Figures 5.9, 5.13, 5.17 indicates that the overall pressure drop grows 
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linearly with the increase in flow rate ratios. This observation agrees well with the results of 
earlier experiments reported in the literature and the pressure drop model developed by by 
Ouyang et al. (Eq. 3.3) (Ouyang et al. 1998; Su and Gudmundsson, 1998). For wellbores with 
higher inflow rates, the accelerational pressure drop plays a more significant role in 
determining the overall pressure drop compared to the frictional and mixing components. 
 
Figure 5.19. Wall friction factor ratio variations with pipe inlet velocity 
for different perforation parameters at %5.7
Q
qi  
 
It is observed that for the inflow rate ratios greater than 0.075, the wall friction factor is 
almost independent of the inflow rate. In order to investigate the effect of pipe inlet velocity 
on the wall friction factor ratio, the computed results for different perforation parameters and 
inflow rate ratio of 0.075 are compared in Figure 5.19. It is evident that for all perforation 
patterns, the wall friction factor ratio drops as the pipe inlet velocity rises. This means that the 
frictional losses grow along horizontal wellbores as moving from the heel towards the toe. A 
comparison of different perforation parameters reveals that the wall frictional factor falls to the 
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lowest value for the smallest perforation diameter ratio. On the other hand, it is observed that 
with increasing the perforation density, the wall friction grows linearly. 
 
Figure 5.20. Overall pressure drop variations with pipe inlet velocity 
for different perforation parameters at %5.7
Q
qi  
 
Similar investigation is carried out to study the influence of inlet velocity on overall 
pressure drop for all perforation patterns. The results (Figure 5.20) show that the overall 
pressure drop grows with increasing the pipe inlet velocity. This confirms that the frictional 
losses are less influential at high Reynolds numbers. A comparison of different perforation 
parameters reveals that the peroration density of n=39 SPM results in the largest pressure drop 
among all the studied cases, due to the higher frictional losses while for perforation phasing 
angle of Φ=0º, the overall pressure drop falls to lowest value. This proves that the overall 
pressure drop can be reduced by changing the perforation phasing angle from spiral patterns 
(Φ=60º, 90º, 120º) to line pattern (Φ=0º) with minimising the mixing pressure drop. 
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5.6 Conclusions 
A three-dimensional reservoir-wellbore model was developed to study the effect of 
perforation density, diameter and phasing angle on friction factor and pressure drop along a 
perforated pipe. The simulations were carried out via CFD modelling and the obtained results 
were validated with previous models. It was found that wall friction factor, shear stress, and 
pressure drop grows with increasing the perforation density. Therefore, with increased wall 
shear stress more attention is required on perforated pipe stability taking into account that high 
perforation density can make the  wellbore susceptible to collapse.  On the effect of perforation 
diameter, it was found that enlarging the perforation diameter up to 067.0
D
d
 leads to higher 
frictional losses and pressure drop. However, for larger perforation diameter ratios, flow 
resistance characteristics gradually weaken and are eventually independent of this parameter. 
The simulation results revealed that wall friction factor is independent of perforation phasing 
angle. However, it must be noted that for phasing angle of Φ=0º the wall shear stress is more 
concentrated around the perforations. On the other hand for spiral phasing of Φ=90º, the pipe 
flow has the highest swirling strength and consequently highest pressure drop due to mixing 
effects. 
It was also observed that with initiation of fluid inflow from pipe wall, the friction factor 
falls sharply but gradually levels off with further increase in flow rate ratio. On the contrary, 
overall pressure drop varies directly with the inflow rate ratio. With regards to the effect of 
pipe flow rates, the results show that wall friction factor grows along the horizontal wellbore 
as moving from the heel towards the toe. The obtained results also show that pressure drop 
grows with increasing the pipe inlet velocity. Comparison of all perforation parameters together 
shows that perforation density of n=30 SPM results in the highest pressure drop while for 
perforation phasing angle of Φ=0º, the overall pressure drop falls to the lowest value. Extensive 
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comparison of current model simulations with previous experiments proves its wide range of 
application that can be used as a cheap and quick tool for perforated pipe studies. 
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Chapter 6 
Horizontal Wellbore Performance 
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6.1 Introduction 
The development of horizontal wellbores have improved the production from underground 
reservoirs considerably in recent decades. Vertical wellbores have been used traditionally for 
oil and gas production. Due to a smaller contact area of the vertical wellbore with the reservoir, 
production can be limited, and as a result, a higher number of wellbores are needed to cover 
the drainage area. Depending on the formation characteristics, vertical wellbore production 
using conventional drilling methods may be impractical. 
Horizontal wellbores have provided a solution for this problem with improved production 
rates. In addition, higher production is achievable in a smaller area of ground surface rather 
than drilling multiple vertical wellbores, which is crucial in offshore reservoir drainage. In this 
chapter, the performance of horizontal and vertical wellbores are compared for a large-scale 
drainage volume, and the integrated flow for different wellbore/reservoir geometries are 
examined. In the first step, the accuracy of reservoir flow component of the integrated model 
is validated using a series of core flood experiments. The experimental results are in excellent 
agreement with the porous reservoir simulations used in the integrated model. In order to 
highlight the importance of the reservoir-wellbore modelling approach, the productivity index 
ratio is compared with the reservoir-only model. The experimental validation of reservoir 
simulations justifies the accuracy of the comparison made between these two modelling 
approaches. The verified integrated model is then used to compare the performance of 
horizontal and vertical wellbores for different wellbore lengths, reservoir heights, and drainage 
areas. 
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6.2 Computational Model of Horizontal Wellbore Performance 
In order to evaluate the productivity performance of a horizontal wellbore, a drainage 
volume was assumed, as presented in Figure 6.1. Due to higher production, the horizontal 
wellbore with radius rw, was considered equivalent to a vertical wellbore having the radius of 
rwe, as suggested by Joshi’s model (Eq. 3.9). The simulations were then carried out using the 
integrated model for two cases: i) vertical wellbore with radius rw (Figure 6.1a); and ii) 
horizontal wellbore (Figure 6.1b), represented by a vertical wellbore with effective radius rwe 
(Figure 6.1c). For the same drainage volume with radius rd, and height h, the horizontal to 
vertical productivity index ratio was calculated from the productivity index definition as: 
𝐽𝐻/𝐽𝑉 = (
𝑞
𝛥𝑃
)
𝐻
/ (
𝑞
𝛥𝑃
)
𝑉
 (6.1) 
 
where the volumetric flow rate q, and the pressure drawdown ΔP for the two cases are obtained 
from the CFD simulations. Current model results were then compared with Joshi’s model (Eq. 
3.11).  
Pressure inlet and outlet boundary conditions were defined at the reservoir side surface and 
vertical wellbore outlet respectively (Figure 6.1c). The effect of the horizontal wellbore length 
on flow field behaviour and productivity index ratio for three wellbore lengths (L=50,100,150 
m) and drainage radiuses (rd=100,150,200 m) was investigated. In order to study the effect of 
reservoir shape on horizontal wellbore performance, three reservoir heights (h=10,30,50 m) 
and drainage radiuses (rd=100,150,200 m) were simulated using the integrated model. 
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(a) 
 
(b) 
 
(c) 
 
Figure 6.1. Schematic diagram of a) vertical wellbore, b) horizontal wellbore, and c) the 
vertical wellbore with effective radius rwe for a drainage volume 
 
In all the mentioned scenarios, the simulations were carried out for two cases of vertical 
wellbore with radius rw=0.075 m, and the larger effective radius rwe (Eq. 3.9) to make a 
comparison of the horizontal and vertical wellbore performance. A summary of the different 
simulation scenarios is presented in Table 6.1. 
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Table 6.1. Simulation scenarios for different wellbore and reservoir geometries 
Scenario 
Wellbore length  
L (m) 
Drainage radius 
rd (m) 
Reservoir height 
h (m) 
Effective radius 
rwe 
Baseline 100.00 150.00 10.00 16.42 
     
1 50.00 150.00 10.00 5.40 
2 150.00 150.00 10.00 28.29 
     
3 100.00 100.00 10.00 16.39 
4 100.00 200.00 10.00 16.42 
     
5 100.00 150.00 30.00 2.25 
6 100.00 150.00 50.00 1.37 
 
In order to capture the strong pressure gradients near the wellbore, finer mesh was 
generated closer to the reservoir and wellbore boundary, and coarser mesh was generated 
moving away from the interface to reduce the computational cost of the large-scale integrated 
model. The computational mesh generated with ANSYS meshing is shown in Figure 6.2. The 
values of rwe and rd for different cases are presented in Table 6.1. 
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(a) 
 
(b)  
 
Figure 6.2. Computational meshes a) at reservoir-wellbore intersection, and 
b) for large-scale drainage volume 
 
 
 
rwe 
rd 
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6.3 Model Validation 
6.3.1 Introduction 
In previous chapters, the integrated reservoir-wellbore model results were compared and 
validated with existing wellbore models from the literature (Le Roux, 1990;  Aziz and Govier, 
1972; Ouyang et al. 1998; Asheim et al. 1992). In order to verify the integrated model further, 
a series of core flood experiments were carried out. The aim of these experiments was to 
benchmark the reservoir simulations of the integrated model with experimental data. 
In order to evaluate the reliability of reservoir simulations of the integrated model, a series 
of core flood experiments were conducted using a triaxial core permeability rig. 
 
6.3.2 Experimental Set-up 
A schematic of the experimental rig is presented in Figure 6.3. The experimental apparatus 
is composed of five major components including two ISOCO 500D syringe pumps, a hand 
pump, core holder, back pressure regulator and an automated data acquisition system. In 
addition to these, other small parts include tubing, valves and pressure transducers. 
 
Figure 6.3. Schematic of the triaxial core permeability rig 
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A syringe pump was used to precisely inject the fluid into the core holder at a certain 
pressure or flow rate. The triaxial core holder design provided the functionality to simulate 
both overburden pressure in a radial direction using the syringe pump, and axial pressure via a 
hydraulic hand pump. After delivering the hydraulic pressure to the system, the axial pressure 
was maintained by closing valve V3. The back pressure regulator controlled the fluid pressure 
at the core holder outlet to simulate wellbore pressure during production. The experimental 
data was controlled and recorded using the data acquisition system, which was used to 
implement input to the syringe pumps, back pressure regulator, and to receive data from the 
pressure transducers. 
 
6.3.3 Experimental Procedure 
Core flood tests were carried out for a sandstone sample (Figure 6.4) with distilled water 
as the working fluid to avoid plugging and variations in permeability measurements.  The core 
sample was first dried in an oven, and then saturated with water using a vacuum pump. The 
core sample saturation was conducted to avoid capillary end effects and errors in pressure drop 
measurement along the core. The saturated core was then placed inside the core holder and the 
overburden pressure and axial load were applied incrementally. All the fittings and valves were 
then checked to make sure that there were no leaks in the system. The core flood tests were 
carried out for three inlet pressures of 1, 2, and 3.5 MPa and four outlet pressures (12 cases) to 
investigate different reservoir and wellbore operating pressure scenarios. The experimental 
inputs considered in the core flood tests were set, and water injection was supplied long enough 
after the flow rate reached the steady-state condition, so that no further variations were 
observed. The pressure and flow rate measurements were then used to calculate the 
permeability of the core sample using Darcy’s Law as follows: 
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Figure 6.4. Core sample 
 
Experimental data points were collected for 12 core flood cases with different pressures at 
the sample inlet/outlet using the outlined experimental procedure. Figure 6.5 shows pressure 
drop versus flow rate results along the core sample. The linear behaviour between pressure 
drop and flow rate, explained by Darcy’s Law confirms the accuracy of the core flood 
experiments. By replacing the core sample dimensions and distilled water properties in Eq. 
(6.2), the core permeability of 0.14 md was calculated. 
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Figure 6.5. Pressure drop versus flow rate experimental data 
 
6.3.4 Validation Scenarios 
The fluid flow through the porous core was simulated using the CFD model to further 
validate the reservoir flow component of the integrated model. This also helped to verify the 
accuracy of the experimental results given that the developed model was verified with existing 
models in previous chapters (Le Roux, 1990;  Aziz and Govier, 1972; Ouyang et al. 1998; 
Asheim et al. 1992).        
Based on the experimental pressure ranges along the core sample, 12 scenarios were 
simulated, as presented in Table 6.2. In order to simulate the experiments, the sandstone 
permeability, measured previously, was defined for the porous cell zone condition. Three inlet 
pressures were defined as the core inlet boundary condition and for each inlet pressure, four 
pressure outlet boundary conditions were considered at the outlet. The flow rate along the 
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sample was then computed and compared with experimental measurements to verify the porous 
media flow results. 
Table 6.2. Core flood simulation inputs 
Pin 
(MPa) 
Pout,1 
(MPa) 
ΔP1 
(MPa) 
 
Pout,2 
(MPa) 
ΔP2 
(MPa) 
 
Pout,3 
(MPa) 
ΔP3 
(MPa) 
 
Pout,4 
(MPa) 
ΔP4 
(MPa) 
1.00 0 1.00 
 
0.25 0.75 
 
0.50 0.5 
 
0.75 0.25 
2.00 0 2.00 
 
0.50 1.50 
 
1.00 1.00 
 
1.50 0.50 
3.50 0 3.50 
 
1.00 2.50 
 
2.00 1.50 
 
3.00 0.50 
Water density (kg/m3) 
 
  
 
  
 
 998.20 
Water viscosity (mPa.s) 
 
  
 
  
 
 1.31 
 
The pressure contours along the core sample are presented in Figure 6.6. It is evident that 
pressure distribution in the axial direction decreases linearly from inlet to outlet. For steady-
state conditions, the water flow rate is constant and as a result the pressure gradient is constant 
following Darcy’s Law. The velocity vector for different operating pressures through the 
porous core is shown in Figure 6.7. It can be seen that the velocity vectors are distributed 
uniformly along the core and by increasing the pressure difference between the inlet and outlet, 
the velocity magnitude grows as expected. 
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Figure 6.6. Pressure contours along the core for different inlet/outlet pressures 
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Figure 6.7. Velocity vectors along the core for different inlet/outlet pressures 
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6.3.5 Validation Results 
Figure 6.8 compares the CFD simulation with core flood experimental measurements. For 
Darcy flow through porous media, the flow rate varies linearly with pressure drop, and the CFD 
results are in good agreement with the experimental data. For different inlet pressures and the 
same pressure difference along the core, approximately identical flow rates are observed. This 
demonstrates that the flow rate is independent of the inlet or outlet pressure and only depends 
on the pressure difference along the core sample. 
 
Figure 6.8. Core flood CFD simulation results compared with experimental data 
 
6.4 Integrated Model versus Reservoir Model 
As reviewed in Chapter 2, many large-scale simulators are inadequate as they assume a 
defined boundary condition at the wellbore interface. In order to show how this assumption for 
a large-scale model can influence the accuracy of results, two cases of an integrated reservoir-
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wellbore model and a reservoir-only model were compared with Joshi’s model. For the 
reservoir-only model, outlet pressure is defined along the wellbore wall, while this boundary 
condition is only defined at the top cross section of the wellbore for the integrated model 
(highlighted in red in Figure 6.1c). Pressure contours for the mentioned large-scale models are 
illustrated in Figure 6.9. Based on the defined pressure boundary conditions, it can be seen that 
when moving from the reservoir far field towards the wellbore, the pressure decreases. The 
comparison of the horizontal to vertical productivity index ratio (Eq. 6.1) with Joshi’s model 
(Eq. 3.11) for the integrated model shows good agreement with 2.6% relative error. The 
comparison of the reservoir-only model with Joshi’s model, however shows 82.4% relative 
error, which highlights the inaccuracy of models with a defined boundary condition at the 
wellbore wall.  
 
 
Figure 6.9. Pressure contours comparison between integrated reservoir-wellbore model 
(left) and reservoir-only model (right) 
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Figure 6.10. Velocity streamline comparison between integrated reservoir-wellbore model 
(left) and reservoir-only model (right) 
 
In order to further investigate why reservoir-only model results are less reliable, the velocity 
streamlines for the two cases are compared in Figure 6.10. It can be seen that the outlet pressure 
boundary condition at the wellbore wall for the reservoir-only model creates a region with high 
velocity around the wellbore. This occurs due to a higher pressure gradient around the wellbore 
compared to the integrated model, and as a result the productivity index ratio is highly 
overestimated for neglecting the flow resistance along the wellbore. 
 
6.5 Large-Scale Horizontal and Vertical Wellbore Performance 
In this section, the horizontal wellbore performance will be examined using the integrated 
reservoir-wellbore model for different wellbore lengths and reservoir heights and radiuses. For 
the scenarios presented in Table 6.1, the equivalent flow field parameters and the horizontal to 
vertical productivity index ratio will be presented to provide a tool for comparison of vertical 
and horizontal wellbore performance for a given wellbore and reservoir geometry. It will be 
shown that the developed integrated model not only provides robust results for such 
comparison, but can also incorporate the near-wellbore flow conditions and completion effects. 
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6.5.1 Wellbore Length 
Based on the drilling costs and wellbore productivity index, wellbore length can play an 
important role in horizontal wellbore development plans. Pressure contours through the 
reservoir for different wellbore lengths and drainage radiuses are presented in Figure 6.11. 
With increasing the horizontal wellbore length, pressure across the formation decreases and a 
larger area is covered by the pressure gradient through the wellbore. The larger effective radius 
for longer wellbores explains this behaviour. It is also evident that for a large drainage area and 
short wellbore length, e.g. L=50 m and rd=200 m, the reservoir is not remarkably influenced. 
 
 
Figure 6.11. Pressure contours for different wellbore lengths (L=50,100,150 m) 
and drainage radiuses (r=100,150,200 m) 
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(a) 
 
(b) 
 
Figure 6.12. (a) Pressure and (b) velocity distribution along reservoir at y=5 m for different 
wellbore lengths (L=50,100,150 m) and drainage radiuses (r=100,150,200 m) 
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Effective pressure and velocity distributions across the reservoir for different wellbore 
lengths and radiuses are plotted in figure 6.12. Considering the coordinate system origin at the 
centre of the wellbore, it can be seen that the pressure and velocity variations are greater near 
the wellbore. The simulation results also show that for a specific drainage radius, increasing 
the wellbore length leads to a pressure decrease and growth in velocity due to higher wellbore 
contact area with the reservoir. 
Simulation results for the horizontal to vertical productivity index ratio (Eq. 6.1) are 
compared with Joshi’s model for different wellbore lengths and drainage radiuses (Figure 
6.13). It is demonstrated that the productivity index ratio grows linearly with horizontal 
wellbore length. For the cases studied, the horizontal wellbores perform with a productivity 
index 2 to 6 times larger than a vertical wellbore with the identical wellbore diameter. The 
lowest wellbore performance was observed for L=50 m and rd=200 m, which agrees with the 
findings discussed previously (Figure 6.11). 
 
Figure 6.13. Productivity index ratio variations with wellbore length 
for different drainage radiuses (r=100,150,200 m) 
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6.5.2 Reservoir Height 
Depending on the drainage volume shape, the horizontal wellbore developments may not 
necessarily be the most economical choice, considering the extra drilling cost compared to 
vertical wellbores. The impact of reservoir height on pressure contours for different drainage 
radiuses is presented in Figure 6.14. It can be seen that by increasing the reservoir height, the  
pressure is increased and the pressure gradient induced by the wellbore does not influence the 
regions far from the wellbore. 
 
 
Figure 6.14. Pressure contours for different wellbore heights (h=10,30,50 m) 
and drainage radiuses (r=100,150,200 m) 
 
Effective pressure and velocity distribution across the reservoir for different heights 
and drainage radiuses are presented in Figure 6.15. 
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(a) 
 
(b) 
 
Figure 6.15. (a) Pressure and (b) velocity distribution along reservoir at y=5 m for different 
wellbore heights (h=10,30,50 m) and drainage radiuses (r=100,150,200 m) 
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It is evident that the reservoir pressure decreases as its height is reduced. For a larger 
drainage volume and the same wellbore geometry, it is expected that the pressure gradient 
along the wellbore has less impact on regions far from the wellbore. This behaviour can be 
observed in Figure 6.15a, where the pressure grows more sharply for a 50 m height, compared 
to other heights when moving away from the wellbore. The effect of this behaviour is observed 
for velocity profiles along the wellbore in Figure 6.15b. By increasing the reservoir height, 
fluid moves with slower velocity from the reservoir towards the wellbore. 
Horizontal to vertical productivity index ratio (Eq. 6.1), compared with Joshi’s model for 
different reservoir heights and radiuses are shown in Figure 6.16. It is clear that horizontal 
wellbores perform less efficiently as the reservoir height is increased. For the reservoir height 
of 50 m, the horizontal productivity index is less than 2 times larger than the vertical wellbore 
of the same diameter. The trade-off between the expected productivity index and lower 
wellbore development costs will influence the decision on whether to drill horizontal or vertical 
wellbores. 
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Figure 6.16. Productivity index ratio variations with wellbore height 
for different drainage radiuses (r=100,150,200 m) 
6.5.3 Reservoir Drainage Area 
One of the key parameters during drilling planning and production prediction is to 
determine the number of vertical or horizontal wellbores required to cover the reservoir 
volume. Each wellbore drains a particular section of the reservoir, commonly determined by 
the drainage radius. The horizontal to vertical productivity index ratio for different drainage 
radiuses is compared with Joshi’s model, as presented in Figure 6.17. It was observed that the 
horizontal wellbores perform more effectively for smaller drainage radiuses and longer 
wellbore lengths. The comparison of results also showed that for longer wellbore lengths, 
drainage radius variations more remarkably influence the horizontal wellbore performance. For 
the reservoir height of 50 m, the horizontal wellbore has the smallest productivity index and is 
approximately independent of the reservoir drainage radius. 
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Figure 6.17. Productivity index ratio variations with drainage radius for different 
wellbore lengths (L=50,100,150 m) and heights (h=10,30,50 m) 
 
It was explained by Joshi (1988) that his model predictions are 7-10% lower than the 
experimental data. The horizontal to vertical productivity index ratio obtained using the 
developed integrated model surpasses Joshi’s theoretical model by providing more accurate 
results. Joshi’s model (Eq. 3.11) is solely based on geometrical parameters of the wellbore and 
reservoir. However, the current 3D model results are achieved using the fundamental definition 
of the productivity index (Eq. 6.1), taking into account flow field variables as well as near-
wellbore flow conditions.  
 
6.6 Conclusions 
A series of core flood experiments with different inlet/outlet pressures was conducted in 
order to further validate the developed integrated model. A linear relation between the pressure 
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drop and flow rate along the core sample was observed and a permeability of 0.14 md was 
measured using Darcy’s Law. The experimental porous media flow was simulated and the CFD 
results showed good agreement with the experimental data, validating the reservoir simulations 
of the integrated model. 
The higher production of a horizontal wellbore compared to a vertical wellbore was 
modelled using a vertical wellbore with an equivalent larger effective radius, as presented by 
Joshi (1988). A large-scale simulation of the horizontal wellbore performance was carried out, 
and two cases of integrated reservoir-wellbore and reservoir-only flow were compared with 
Joshi’s model. The reservoir-only model showed 82.4% relative error, while the integrated 
model was verified with only a 2.6% relative error. This observation highlights again, that 
reservoir simulators with a defined boundary condition at the wellbore interface are unreliable, 
and neglecting the flow resistance along the wellbore leads to inaccurate results. 
The large-scale integrated model was used to investigate the effect of wellbore length, 
reservoir height, and drainage radius on flow field parameters and horizontal to vertical 
productivity index ratio. It was shown that with increasing the wellbore length, the reservoir 
pressure decreases and the horizontal to vertical productivity index ratio grows linearly. For 
different wellbore lengths, reservoir radiuses, and a height of 10 m, the productivity index of 
the horizontal wellbore was 2-6 times greater than the vertical wellbore with the same diameter. 
Increasing the reservoir height led to the reservoir pressure increase, and it was demonstrated 
that the pressure gradient induced by the wellbore had less influence on region far from the 
wellbore. For a reservoir with a larger height, the horizontal wellbore performed less efficiently 
having productivity index ratios below 2 for the height of 50 m. The comparison of the CFD 
results with Joshi’s model showed an improved accuracy of the integrated model, while 
providing petroleum engineers with a robust tool that can compare the performance of a 
horizontal and a vertical wellbore for any reservoir condition and drainage volume.  
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Chapter 7 
Conclusions and Recommendations 
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7.1 Conclusions 
In this thesis, a three-dimensional integrated model of reservoir-wellbore flow was 
developed to study the effects of wellbore geometry, near-wellbore flow, and reservoir 
condition on wellbore productivity index, wall friction factor, pressure drop as well as flow 
field parameters through the reservoir and wellbore. Computational fluid dynamics (CFD) 
simulations were carried out using ANSYS FLUENT for both large-scale reservoirs and 
complex near-wellbore flow. The integrated model results were validated with four wellbore 
models and one reservoir model from the literature, along with current experimental data for 
porous media flow. 
A comprehensive literature review was presented to define the current state of research and 
identify key research gaps. Many studies have investigated the drainage of fluids from different 
types of reservoirs using horizontal and vertical wellbores. The flow of fluids begin from the 
reservoir driven by the pressure gradient, induced by the wellbore. Based on this flow 
mechanism, many reservoir simulators have been developed that consider porous media flow 
with a defined boundary condition at the wellbore interface. Similarly, other studies have 
focused on wellbore flow behaviour, and the development of pressure drop and production 
prediction models which assume a defined boundary condition at the reservoir interface. The 
conflicting observations from the literature were highlighted, and it was shown that assuming 
any boundary conditions at the reservoir-wellbore interface leads to inaccurate results, limited 
range of model application, and/or inconsistency with other existing models. Therefore, further 
study of reservoir drainage/production was needed that not only coupled the reservoir and 
wellbore flow, but was also capable of modelling complex near-wellbore flow of a large-scale 
model. 
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In first stage of this thesis, a large-scale simulation of coal seam drainage was conducted 
using the integrated reservoir-wellbore model. The effects of wellbore length and diameter on 
pressure and velocity distribution through formation and wellbore was investigated. The 
simulation results were validated with two wellbore models for single-phase water and methane 
flow. It was observed that reservoir pressure decreases for a wellbore with a larger diameter, 
and is independent of the wellbore length for a specific distance from the wellbore outlet. The 
calculation of the productivity index demonstrated that with increasing the wellbore diameter 
and length, the wellbore performs more efficiently. The integrated model of coal seam drainage 
showed promising results that enhances our understanding of flow field behaviour and wellbore 
performance using an adaptable computer model. 
Capturing complex near-wellbore flow is one of the major problems that has limited the 
application of existing theoretical models and large-scale reservoir simulators due to simplistic 
model assumptions, complicated geometry and fluid/formation properties. The integrated 
model was examined further to study the effect of perforated casing parameters on wellbore 
pressure drop, wall shear stress and frictional behaviour. The reservoir-wellbore flow was 
simulated for perforated pipes with different perforation densities, diameters and phasing 
angles. After the simulations were successfully validated with existing wellbore models, it was 
demonstrated that the wall shear stress and pressure drop along the perforated pipe increases 
with the higher number of perforations along the pipe. It was also seen that increasing the 
perforation diameter ratio to more than 0.067 does not influence the boundary layer further and 
therefore, frictional losses gradually reach a constant value. The wall friction factor was found 
to be independent of the perforation phasing angle, while the pressure drop varied with different 
phasing angles. It was also observed that with the initiation of fluid inflow from pipe wall, the 
friction factor falls sharply but gradually levels off with further increases in flow rate ratio. On 
the contrary, overall pressure drop varies directly with the inflow rate ratio. Extensive 
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comparison of current model simulations with previous experiments demonstrates its wide 
range of application that can be used as a quick, economical tool for complex near-wellbore 
flow studies. 
Finally, a series of core flood experiments were carried out and a comparison of CFD 
simulations of porous media flow with experimental data further validated the reservoir 
simulations of the integrated model. Once the integrated model was verified, subsequent 
simulations were carried out to compare large-scale horizontal and vertical wellbore 
performance. The effects of wellbore length, reservoir height, and drainage radius on flow field 
behaviour and the horizontal to vertical productivity index ratio were investigated. The 
comparison of simulation results with Joshi’s model (1988), showed these results to be 
consistently more accurate, while taking the flow parameters into account rather than 
geometrical parameters exclusively. It was observed that a horizontal wellbore performs more 
efficiently by increasing the wellbore length. Additionally, for reservoirs with a smaller height 
and drainage radius the wellbore performed with greater efficiency. The model findings 
demonstrated that for a reservoir height of 10 m, the horizontal wellbore productivity index is 
2-6 times larger than the vertical wellbore, while for the height of 50 m, a horizontal wellbore 
performs less efficiently with a productivity index ratio below 2. 
This study provides petroleum engineers with a robust integrated reservoir-wellbore model 
that can compare the performance of a horizontal and vertical wellbore for any wellbore 
geometry and reservoir condition, while considering near-wellbore flow physics. The trade-off 
between a more economical wellbore development plan and an expected wellbore productivity 
index, determined by the integrated model, will assist the choice between horizontal or vertical 
wellbore drilling. 
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7.2 Recommendations for future works 
During the progress of this thesis, a number of potential research ideas were identified that 
were excluded from the scope of this study. In order to improve our understating of the 
reservoir drainage physics and enhance the model features, the following investigations have 
been recommended for future works: 
 Two-phase flow simulation of the large-scale reservoir-wellbore flow is recommended 
to be studied. During the reservoir drainage, the fluids are produced in single-phase gas 
or liquid flow as well as two-phase gas-liquid flow. Large-scale CFD simulation of 
integrated two-phase flow through the reservoir and wellbore has not been investigated 
before, and this study is recommended in order to have a better understating of two-
phase flow behaviour. 
 Transient simulation of coal seam drainage using the integrated model is recommended 
as future work. Gas drainage from Surface to In-Seam or Underground In-Seam 
wellbores can take up to several years. A reliable prediction of the drainage time for a 
large-scale coal seam is crucial in mine planning, and it is recommended to use the 
large-scale integrated model to have a more realistic modelling approach for gas 
drainage simulations. 
 Particle trajectory simulation of gas/liquid flow for a large-scale fractured reservoirs is 
recommended to be investigated. Particle migration through the reservoir fracture 
network can influence the production performance and block the fractures or pumping 
system. It is recommended to implement the discrete phase modelling approach in the 
developed integrated model to further study this process. 
 The effect of perforation penetration through formation on frictional behaviour and 
wellbore performance is recommended to be studied. In order to create a connection 
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between the wellbore casing and near-wellbore reservoir, the wellbores are perforated 
after completion and depending on the perforation penetration depth and shape, the 
fluid production is influenced. It is recommended to define different flow paths between 
the wellbore and surrounding formation using the integrated model in order to examine 
the underlying hydrodynamic behaviour of perforating.  
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